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Alternative Systeme fu¨r die Molekularelektronik: Funktionalisierte Carbon-
sa¨uren auf strukturierten Oberfla¨chen
Eine Mo¨glichkeit die Miniaturisierung elektronischer Bauelemente voranzutreiben bilden
sich selbst organisierende Bauteile einer
”
molekularen Elektronik“. Ein wichtiger Schritt
hin zur Anwendung ist die Verknu¨pfung der konventionellen HL-Elektronik (CMOS)
mit molekularen Bauteilen zu einem neuen kombinierten System (CMOL). Hierbei
u¨bernehmen Moleku¨le die Funktion des aktiven Bauelements wa¨hrend herko¨mmliche
HL-Bauelemente als Ansteuerungseinheit genutzt werden.
Im Rahmen der vorliegenden Arbeit wurden Carbonsa¨uren untersucht, die durch ihre
chemische Struktur geeignet sind mit dem in der CMOS Technologie verbreiteten Ma-
terial Kupfer kombiniert zu werden. Sie organisieren sich selbststa¨ndig zu geordneten
Monolagenstrukturen auf Cu(110)-Oberfla¨chen, indem sie eine chemische Bindung mit
Kupfer eingehen. Im Fokus der Arbeit stehen die elektronische Charakterisierung des
Moleku¨l/Substratsystems sowie die systematische Untersuchung von Einflu¨ssen ver-
schiedener Moleku¨lteile. Es wurden die Methoden der Rastertunnelmikroskopie genutzt,
sowie erga¨nzend XPS/AES, UV-VIS und LEED. Die Transporteigenschaften wurden
sowohl durch I-V als auch durch I-z Messungen untersucht. Durch Variation des Ab-
stands zwischen dem Moleku¨l und der Messspitze konnten die Zustandsdichten einzel-
ner Moleku¨lorbitale angesprochen werden, deren Energien in Form von Peaks in den
dI/dV Kurven erscheinen. Auf der Dichtefunktionaltheorie basierende Simulationen
(der Forschungsgruppe IFF-1 des FZ Ju¨lich) wurden herangezogen, um die gemessenen
Peaks den spezifischen Moleku¨lorbitalen zuzuordnen. So war es mo¨glich ein Bild der
Moleku¨lorbitale im Bezug auf ihre Energie und ihre ra¨umliche Ausdehnung zu erstellen.
Es wurde gezeigt, dass z.B. ein N-Heteroatom zu einer Verschiebung der Moleku¨lor-
bitale und damit zu einer Verringerung der Bandlu¨cke fu¨hrt. Durch die Untersuchung
verschiedener Substituenten entstanden somit erste Teile eines
”
molekularen Baukas-
tensystems“. Dieses ermo¨glicht es, Moleku¨lteile gezielt nach ihren elektronischen Eigen-
schaften im kombinierten Moleku¨l/Substratsystem zusammenzusetzen, anstatt jedes
einzelne Moleku¨l aufwa¨ndig zu untersuchen.
In einem weiteren Schritt wurde eine Carbonsa¨ure mit einer zweiten funktionalen End-
gruppe gewa¨hlt, welche die Bindung zu einer zweiten Elektrode aus einem unterschied-
lichen Material ermo¨glicht und somit eine Diodenfunktionalita¨t des Moleku¨ls entste-
hen la¨sst. Die bindungsspezifische Anordnung dieser Thioethercarbonsa¨ure sowie deren
elektronische Eigenschaften wurden auf Au(111)-Oberfla¨chen untersucht. STM Un-
tersuchungen zeigten geordnete Strukturen und XPS Messungen besta¨tigen eine zer-
sto¨rungsfreie Chemisorption der Moleku¨le. Die elektronischen Eigenschaften des Sys-
tems konnten erstmals durch die Abbildung der lokalen Zustandsdichten aus I-V Mes-
sungen sowie durch Messung der moleku¨lgruppenspezifischen Abklingla¨ngen beschrieben
werden.
Schließlich wurde durch die Untersuchung von Halbleiter/Metall/Moleku¨lsystemen eine
weitere Mo¨glichkeit aufgezeigt molekulare Systeme mit CMOSMaterialien zu verknu¨pfen.
Hierbei bildet die Ge(001)-Oberfla¨che zusammen mit sich selbst organisierenden Pt Nan-
odra¨hten ein strukturiertes Template fu¨r die selektive Anordnung von Triphenylphos-
phanmoleku¨len.

Alternative Systems for Molecular Electronics: Functionalized Carboxylic
Acids on Structured Surfaces
Molecular electronics is recognized as a key candidate to succeed the silicon based tech-
nology as soon as the end of the semiconductor roadmap is reached. An important step
towards the realization of molecular electronics is the combination of common CMOS
devices and molecular elements to new systems.
Today, an advantageously used metal for wires and interconnects in electronic industry
is copper due to its low resistance. Thus, it is essential to get a fundamental under-
standing of organic/copper interfaces and to combine functional molecular systems with
linkers which are copper sensitive. Within the scope of this work, carboxylate mole-
cules were investigated which chemically bind to copper. They self-assemble in highly
ordered monolayer structures on, e.g., Cu(110) surfaces. Main task of this work is the
electronic characterization of the combined molecule/metal system as well as the system-
atic investigation of the influence of specific molecular parts on the electronic transport.
Scanning tunneling microscopy (STM) was used as main technique to investigate the
topographic and electronic structures throughout the study, but complementary tech-
niques like XPS/AES, LEED and UV-VIS spectroscopy were employed as well to get
additional information. The transport properties were investigated by current-voltage
(I-V) and current-distance (I-z) spectroscopy. Distance-dependent I-V measurements
enable the detection of the density of states of the system with the orbital energies
appearing as peaks in the dI/dV curves. Density functional theory based calculations
(IFF-1, FZ Ju¨lich) were used to assign the measured peaks to specific molecular orbitals.
Thus, it is possible to display the molecular orbitals with respect to their energies and
their spatial distribution. A detailed analysis of all experimentally probed molecular
orbitals has shown that the calculated LDOS represents a characteristic fingerprint cor-
responding to the substitution pattern of the carboxylates bonded to Cu(110). It was
shown that, e.g., nitrogen heteroatoms cause a shift in the molecular orbital energies
and lead to a system with smaller HOMO-LUMO gap. With a detailed knowledge of
the system parameters it is now possible to make precise theoretical predictions on the
transport properties of other carboxylate species. Thus, a first toolbox is composed
which allows to combine molecular moieties to build up a molecule linked to a metallic
electrode with a designed functionality.
In a second step carboxylates with a second functional group were investigated. These
molecules chemically bind to two different electrode materials, e.g., with one side of the
molecule to copper and with the other side to gold. This causes a diode functionality
of the molecule within the junction. The molecular self-assembly of these molecules
(here TMBA) was investigated on Au(111) surfaces. STM investigations show ordered
monolayer structures and XPS measurements confirm a nondestructive chemisorption
of the molecules. The electron transport properties of the system could be revealed
from I-V measurements by monitoring the local density of states as well as from I-z
measurements by calculating the molecule specific tunneling decay constant β.
Finally, a short excursion presents an alternative approach to combine molecules with
CMOS materials. This approach does not use the metal layer as linking point but the
semiconductor areas. Semiconductor surfaces, like Ge(001), with self-assembled metal-
lic Pt nanowires build a highly ordered 1D nanotemplate for the selective assembly of
triphenylphosphane molecules.

Contents
1 Introduction 7
2 Physics in a Nanoscale Junction 13
2.1 A metal/molecule/metal junction . . . . . . . . . . . . . . . . . . 14
2.2 Resonant transport . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Non-resonant transport . . . . . . . . . . . . . . . . . . . . . . . . 20
3 Experimental Techniques 23
3.1 STM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.1 The theory of STM . . . . . . . . . . . . . . . . . . . . . . 24
3.1.2 Theory behind Scanning Tunneling Spectroscopy . . . . . 27
3.2 Complementary techniques . . . . . . . . . . . . . . . . . . . . . . 29
3.2.1 XPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.1 The UHV-STM system . . . . . . . . . . . . . . . . . . . . 33
3.3.2 STM and STS data acquisition . . . . . . . . . . . . . . . 35
4 The Theory of Molecular Electronics: DFT 37
5 The Self-Assembly of Molecules 39
5.1 The self-assembly process . . . . . . . . . . . . . . . . . . . . . . 40
5.2 Attaching molecules to the surface . . . . . . . . . . . . . . . . . 41
5.3 Preparation of self-assembled monolayers . . . . . . . . . . . . . . 42
5.4 Structure of self-assembled monolayers . . . . . . . . . . . . . . . 44
5.4.1 Organothiols on gold . . . . . . . . . . . . . . . . . . . . . 45
5.4.2 Carboxylates on copper . . . . . . . . . . . . . . . . . . . 47
6 Bottom Electrode Materials 51
6.1 The standard substrate: Au(111) thin films deposited on mica . . 52
1
Contents
6.2 An alternative metal substrate: Cu(110) . . . . . . . . . . . . . . 54
6.2.1 Single crystals . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.2.2 Thin films . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.3 From conducting to semi-conducting substrates: Pt NW´s on Ge(001) 61
7 Carboxylates on Cu(110) 65
7.1 Investigation path . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
7.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . 68
7.3 Benzenecarboxylic acid . . . . . . . . . . . . . . . . . . . . . . . . 69
7.3.1 The structure of benzenecarboxylic acid SAMs . . . . . . . 70
7.3.2 Current vs. voltage spectroscopy . . . . . . . . . . . . . . 71
7.3.2.1 Combining experiment and theory: LDOS investi-
gations . . . . . . . . . . . . . . . . . . . . . . . 72
7.3.2.2 I-V curves: a mirror image of the gap symmetry . 76
7.3.2.3 Transition voltage spectroscopy . . . . . . . . . . 82
7.3.2.4 UV-VIS spectroscopy: cross-checking STS data . 85
7.4 Benzene-1,4-dicarboxylic acid . . . . . . . . . . . . . . . . . . . . 86
7.4.1 The structure of benzene-1,4-dicarboxylic acid SAMs . . . 86
7.4.2 Current vs. voltage spectroscopy . . . . . . . . . . . . . . 89
7.4.2.1 Experimental data . . . . . . . . . . . . . . . . . 89
7.4.2.2 LDOS and the HOMO-LUMO gap . . . . . . . . 91
7.4.2.3 Cu/BDCA/W junction symmetries . . . . . . . . 95
7.4.2.4 Transition voltage spectroscopy . . . . . . . . . . 97
7.5 Pyridinecarboxylic acid . . . . . . . . . . . . . . . . . . . . . . . . 98
7.5.1 Current vs. voltage spectroscopy . . . . . . . . . . . . . . 99
7.5.2 Current vs. distance spectroscopy . . . . . . . . . . . . . . 105
7.5.3 Theoretical predictions for the LDOS of the PCA isomers . 108
7.6 Pyridinedicarboxylic acid . . . . . . . . . . . . . . . . . . . . . . . 109
7.6.1 Current vs. voltage spectroscopy . . . . . . . . . . . . . . 110
7.6.1.1 Electronic mapping of molecular orbitals . . . . . 112
7.6.1.2 The HOMO-LUMO gap . . . . . . . . . . . . . . 117
7.7 Mixed Monolayers . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
8 2,3-dihydroxy-4(thiomorpholinomethyl) benzoic acids on Au (111) 123
8.1 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . 124
2
Contents
8.2 Structure characterization of TMBA monolayers . . . . . . . . . . 125
8.2.1 XPS analysis . . . . . . . . . . . . . . . . . . . . . . . . . 128
8.2.2 Low coverage phases . . . . . . . . . . . . . . . . . . . . . 131
8.2.3 High coverage phases . . . . . . . . . . . . . . . . . . . . . 137
8.3 Electronic characterization of TMBA monolayers . . . . . . . . . 142
8.4 Mixed Monolayers . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
8.4.1 Embedding TMBA molecules into a C8 SAM . . . . . . . 147
8.4.2 Current decay parameters for TMBA molecules . . . . . . 150
8.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
9 Molecules on Pt nanowires on Ge(001) - Triphenylphosphane 155
9.1 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . 156
9.2 Structural investigations . . . . . . . . . . . . . . . . . . . . . . . 156
10 Conclusion 159
3

Acknowledgement
This thesis would not have been possible without the support of many others.
Thanks to all of you for scientific and technical support during my stay in Ju¨lich.
First of all, I would like to thank Prof. Rainer Waser for initiating research in the
field of Molecular Electronics at his institute and for providing the infrastructure.
As my supervisor, Dr. Silvia Kartha¨user holds a great share of responsibility for
the successful completion of this work. Her ideas initiated this work and hours of
discussion helped me to understand my results. Thank you!
Further, I would like to thank Dr. Nicolae Atodiresei and Dr. Vasile Caciuc for
their support and the successful cooperation. Many results were only possible due
to their ideas and calculations.
Thanks are also due to Prof. Harold Zandvliet from the University of Twente for
the help and cooperation in the work for chapter 9. During the shared hours in
front of the STM I learned a lot about the physics behind STM.
For the synthesis of the TMBA molecules I am grateful to Prof. Markus Albrecht
and Dr. Miriam Baumert.
For the XPS measurements I am grateful to Dr. Astrid Besmehn.
Further afield, numerous colleagues have provided me with data, equipment, ideas
and encouragement for which I am extremely grateful: Peter Kowalzik, Manfred
Gebauer, Holger John, Hans Haselier, Tobias Menke, Lars Steffens, Marcel Man-
heller, and Frank Matthes.
Last by no means least, a big thank you is due to my friend, Roland for his never
ending support and infinite patience.
5

1 Introduction
Molecular electronics is recognized as a key candidate to succeed the silicon based
technology as soon as the end of the semiconductor roadmap is reached. The
use of organic molecules in nanoscale nonlinear circuits offers many opportuni-
ties for new types of devices which will differ in fabrication, functionality, and
architecture. Molecular wires, two-terminal switches and diodes, three-terminal
transistor-like devices, and hybrid devices that use various different signals such
as light, magnetic fields, electric fields, chemical or mechanical signals to control
electron transport are only a few approaches [1, 2]. But even the fundamental
question how electrical current flows across a single molecule is not satisfactorily
understood. A prosperous method is to strengthen the fundamental research ac-
tivity in this field by combining experimental techniques and different theoretical
approaches to develop a full physical picture of molecular-scale charge transport.
But not only molecular transport properties are essential, also a detailed under-
standing of coupling schemes of molecules, e.g., the interplay between the inter-
molecular and the molecular-substrate interactions is needed. The best molecular
properties are useless when there is no way to address these molecules or when
the molecule changes its properties due to the forming of a chemical contact [3].
Molecular electronics is incorporated in the field of nanotechnology which com-
bines traditional science including physics, chemistry, electrical and electronic en-
gineering, material science, biology, and medicine. Its principal efforts are directed
towards the investigation of new materials and the development of new tools able
to analyze and precisely characterize matter at the nanoscale. The fabrication of
surface-supported nanostructures can be performed by two different strategies, by
the so called “top-down” or by the “bottom-up” approach. Whereas the top-down
approach follows the principle of scaling down and shrinking known structures to
improve performance and yield, the bottom-up approach is a stepwise arranging
of components to totally new and different structures. Thereby structures are
created on a surface template through self-organization, intrinsically using the
specific interactions of individual building blocks such as atoms or molecules with
7
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each other and the surface [4, 5]. Self-organization is an efficient parallel tech-
nique because it takes place at the same time on countless equivalent positions
of a given substrate. The resulting structure depends on the interactions of the
individual building blocks, and a careful design of those building blocks opens a
rich field of achievable structures. Especially, when using molecules as elementary
units, bonding preferences as well as the interactions with the substrate can be
tuned using the full variety of techniques available from state of the art synthetic
chemistry. The organization can be directed by covalent bonds, metal-ligand inter-
actions, hydrogen bonds, van der Waals forces, polar intermolecular interactions,
hydrophobic or hydrophilic effects, etc., and combining different bonding mecha-
nism allows to create hierarchical structuring.
In the past decades the molecular level design of new materials has expanded
extensively in the interdisciplinary field of nanotechnology and various molecular
systems fabricated with bottom-up techniques are reported in literature. Large
2D and 3D metal-organic coordination networks have been built which constitute
grids of metallic centers regularly spaced by organic linker molecules using coor-
dination bonds. When metallic atoms are used as molecular centers such struc-
tures have a potential for data storage as so called magnetic printboards [5–7].
Nanotubes and C60 molecular systems are investigated, e.g., with view to a pos-
sible application as active transistor [3], and a whole research field deals with
DNA-templated electronics [8–10], sometimes also in combination with carbon
nanotubes [11]. On the other side, a large research field deals with possible ap-
plications of single organic molecules as various components in electrical circuits.
Countless molecules are investigated for a possible use as wires, diodes [12, 13],
transistors [14], memory cells [15], or logic gates [16]. Kondo and Coulomb block-
ade effects have been observed, which could be the basis for the use of molecules as
single electron transistors [17]. Similarly, observed negative differential resistance
could enable resonant tunneling transistors [18].
Bringing back to mind that every active molecule needs an isolating environ-
ment and metallic contacts, literature often leads to thiol coupled molecules (like
alkanethiols) as isolating matrix system and gold surfaces as electrodes. However,
establishing molecular electronic devices will be achieved only by integrating them
in a first step into existing CMOS technology [19] and thus the molecular system
has to be compatible to common CMOS materials. Today, an advantageously used
metal for wires and interconnects in electronic industry is copper due to its low
resistance. Furthermore, the electromigration of copper is less than that of mate-
8
rials like aluminum or even gold. Therefore, it is essential to get a fundamental
understanding of organic/copper interfaces and to combine functional molecular
systems with linkers which are copper sensitive.
The selection of a specific molecule and its linkers to the metallic electrodes as
well as the selection of the molecular environment allows to co-determine the
resulting system structure by adjusting the relative strength and type of interac-
tions. Nevertheless, the obtained patterns are often difficult to predict and the
patterns are usually described after experimental tests and are not designed. This
is mainly due to the degrees of freedom for every single molecule as perfectly
visible in the system of alkanethiols on Au(111) surfaces [20] where the molecule
has multiple degrees of freedom although it its chemically bonded to the surface.
Even if the intermolecular interactions are ideally adjusted, the stochastic nature
of the growth process can induce randomness or local disorder to the final struc-
ture. Thus, it would be advantageous to structurally organize the molecules by
other means than only by tuning intermolecular interactions. One possibility to
direct the self-organized growth at surfaces is the use of nanotemplates. These
are substrates which exhibit a periodical variation of the adhesion energy for an
adsorbing species. Nanotemplates for molecular self-assembly are either metallic
substrates with an internal pattern, like structured or stepped crystal surfaces
(e.g., (110)-oriented surfaces of face centered cubic crystals) or special adsorbates
which structure the molecular surface by self-organization (e.g., oxygen on copper
surfaces).
In this work several of the above mentioned concepts and aspects are combined to
a new approach. Based on a nanotemplated metallic surface and starting with the
smallest molecule which can be linked precisely to the metal surface and addition-
ally has an intermolecular acting unit, structural and electron transport properties
of a molecule/metal system are investigated. A stepwise extension and function-
alization of the molecular system up to hierarchical structures is performed and
possible transitions to three terminal devices are depicted.
Copper is used as metallic surface for molecular self-assembly in view of future
applications. It has a face centered cubic crystal structure and thus the (110)-
oriented surface builds a naturally striped nanotemplate. The carboxylic group
(COOH) is chosen as linker to the Cu(110) surface and initial investigations have
shown that both oxygen atoms chemically bind to the copper surface forming an
equidistant and rigid adsorption geometry with a deprotonated carboxylic group
and a delocalized electron pair [21]. Investigations are started with benzenecar-
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boxylic acid (C6H5COOH) which consists of one carboxylic group and a benzene
ring, allowing the molecule to interact with surrounding molecules via π-π in-
teractions. Structural and electronic transport properties are investigated before
systematically substituting atoms or adding additional functional groups. The
HOMO (highest occupied molecular orbital)-LUMO (lowest unoccupied molecu-
lar orbital) gap is here a main physical quantity which displays changes in the
intermolecular and in the molecule-substrate coupling. Attention is paid to the
fact that only one part of the molecule is substituted per investigation step and
that the adsorption configuration on the Cu(110) surface stays the same.
Further investigation steps combine different carboxylic acids and point out that
the carboxylate/copper system is also suitable for more complex structures like
mixed systems of electronically active and inactive molecules (matrix isolation
approach) or hierarchical structures where different electron transport paths exist
inside the molecular layer. Testing carboxylic acids for applications in devices
a carboxylate based molecule is also investigated on a second metal substrate
(here gold) which could act as top electrode contact. The chosen molecule can
be chemically connected via a carboxylic end group to a copper electrode and
with a thioether end group to a gold electrode. This leads to a directed bonding
and to a diode functionality of the molecule if connected to two different metallic
electrodes.
Finally, a short excursion presents a further approach to combine molecular elec-
tronic with common CMOS technology. This approach uses not the metal layer
as linking point for the molecules but the semiconductor areas. Combining semi-
conductor surfaces, like Ge(001), with self-assembled metallic nanowires builds a
highly ordered 1D nanotemplate for molecular assembly.
Scanning tunneling microscopy (STM) and spectroscopy (STS) in ultra high vac-
uum are used as main techniques throughout the study, but complementary tech-
niques like X-ray photoelectron spectroscopy (XPS), low electron energy diffrac-
tion (LEED), or ultraviolet-visible (UV-VIS) spectroscopy are employed as well
to achieve a more comprehensive picture. Additionally, theoretical calculations
based on ab initio density functional theory (DFT) methods are consulted to de-
scribe structural and transport properties in more detail.
The thesis is organized as follows:
• First, an introduction is given on the physics of electron transport in a
nanoscale junction, with and without molecules (chapter 2).
10
• In chapter 3, a description is given of the employed experimental techniques
and their underlying theory. The focus is set on the techniques of STM and
STS. Briefly mentioned are the surface analytical techniques (Auger, XPS)
and UV-VIS spectroscopy. Furthermore, a detailed description is given on
the UHV-STM setup and on the specific STM and STS data acquisition.
• Chapter 4 gives a short introduction on DFT based calculations. Main task
of this chapter is to list the formalism and assumptions made for structure,
energy, and electron transport calculations reported in this thesis.
• Chapter 5 introduces into the topic of molecular self-assembly and describes
the self-assembly mechanisms and processes. The process flows for the
preparation of self-assembled monolayers from solution and from gas phase
are described because both methods are used within this work. Additionally,
this chapter includes information on the structure of organothiols on gold
and of small carboxylates on copper as a kind of state of the art review and
basis for future comparisons.
• In this thesis Au(111) thin films, Cu(110) single crystals, and copper thin
films are studied. Also, Ge(001) covered with Pt nanowires is used as sub-
strate for molecular self-assembly. Thus, the preparation, characterization,
and specifics of these different bottom electrode materials are described in
chapter 6.
• In chapter 7 the structure of and the electronic transport through the car-
boxylate/Cu(110) interface are described in great detail. A stepped substi-
tution process allows a detailed analysis of the change in electron transport.
Four different carboxylates, namely bezenecarboxylic acid (C6H5COOH),
benzene-1,4-dicarboxylic acid (C6H4(COOH)2), pyridinecarboxylic acid
(C5H4NCOOH), and pyridine-2,5-dicarboxylic acid (C5H3N(COOH)2), are
studied on this way in terms of their self-assembly behavior in close-packed
structures and their electronic properties. Distance dependent current-volta-
ge (I-V) spectroscopy is performed to display the molecular orbital structure
of the combined carboxylate/copper system as local density of states (LDOS)
distribution. Experimental results will be compared to ab initio calculations
based on DFT methods to understand the influence of the different molecular
orbitals on the electronic structure. A physical value describing the electron
properties of a molecule/metal system is the HOMO-LUMO gap which can
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be calculated for all molecules under investigation. Further analysis of the
spectroscopic data gives information on the gap symmetry within the STM
based Cu/Carboxylate/W junction and transition voltage spectroscopy will
give insides into the present tunneling mechanisms. Current-distance (I-z)
spectroscopy will be presented for one selected molecule (pyridinecarboxylic
acid) to identify the tunneling decay constant of a pyridine unit. Addition-
ally, this chapter includes a small paragraph about the possibility to fabricate
mixed monolayers, where a small amount of carboxylic acid is embedded into
a matrix of a self-assembled monolayer of suitable host-molecules. A proof
of concept will be given by inserting pyridinecarboxylic acid into a complete
monolayer of benzenecarboxylic acid.
• Chapter 8 reports on the investigations performed on 2,3-dihydroxy-4(thio-
morpholinomethyl)benzoic acid (TMBA). A further step towards an appli-
cation of functional molecules is the investigation of molecules which can
be connected to different metal electrodes and this molecule combines the
carboxylic end group with the well studied sulfur end group. The TMBA
molecule can be connected with the carboxylate group to a copper surface
and with the thioether group, e.g., to a gold surface. Additionally, these
molecules act as ligands for the building of organometallic complexes. Thus,
TMBA molecules can either work as molecular diodes, chemically connected
between two metal electrodes, or as a host-matrix for single organometallic
complexes. The self-assembly behavior is studied on Au(111) surfaces in
pure films as well as in mixed molecular systems and electronic transport
properties are studied by I-V and I-z spectroscopy. First theoretical calcula-
tions and XPS measurements will help to give a more comprehensive picture
of the system.
• Finally, chapter 9 deals with the first approaches to self-assemble functional
molecules on Pt nanowires grown on Ge(001) surfaces. A first success can be
reported for the self-assembly of triphenylphosphane (C18H15P) molecules.
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The ability to measure and control electrical current through a molecule is a re-
quirement for building electronic devices using individual molecules. It offers an
unique opportunity to understand charge transport, an important phenomenon
that occurs in many chemical and biological processes, on a single-molecule ba-
sis. Furthermore, it allows to read the chemical information of a single molecule
electronically, which opens the door to chemical and biosensor applications based
on the electrical detection of individual molecular binding events [22]. The most
fundamental quantity describing the electrical properties of a bulk material is con-
ductivity, based on which materials are often divided into conductors, insulators,
and semiconductors. Conductivity is defined as σ = I
V
· L
A
, where I is the current,
V the applied bias voltage, L the length, and A the cross sectional area of the
material. For a small molecule, A and L are difficult to define precisely, and better
quantity is the conductance, G, given by G = I
V
. So a basic aim in molecular
electronics is to measure and calculate the conductance of a single molecule. To
determine the conductance of a molecule, one must wire the molecule reliably to
at least two electrodes. The conductance of the molecule thus depends not only
on the intrinsic properties of the molecule but also on the electrode materials.
The electrodes Fermi levels will influence the molecular energy levels and thereby
alter the transport properties strongly. Furthermore, not only the electronic struc-
ture of the molecule is of interest, but the electrical transport as well. Transport
through a molecule under bias is essentially a non-equilibrium, quantum kinetic
problem. Contacting a molecule by two electrodes effectively “opens up” the sys-
tem, replacing the discrete molecular energy levels with a continuous density of
states and establishing a common electrochemical potential and a band lineup be-
tween the contacts and the molecule. Under bias, the two contact electrochemical
potentials split, and the molecule, in its urge to establish equilibrium with both
contacts, is driven strongly out of equilibrium.
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2.1 A metal/molecule/metal junction
As mentioned above a nanoscale junction investigated in molecular electronic con-
sists, in the basis setup, of three parts: one molecule and two electrodes which
connect this molecule. The metal electrodes have a high, in general uniform den-
sity of states (DOS). These states (ϕ1 and ϕ2) are occupied by electrons up to the
Fermi level following the Fermi-Dirac distribution function f(, μ) with
f(, μ) =
1
exp( −μ
kBT
) + 1
, (2.1)
where μ is the electrochemical potential of the first or second electrode, kB the
Boltzmann constant,  the energy, and T the temperature. The molecule has a
discrete set of energy levels with a highest occupied molecular orbital (HOMO) and
a lowest unoccupied molecular orbital (LUMO). Under equilibrium (V = 0) the
electrochemical potential is uniform across the junction (μ1 = μ2) and will usually
lie somewhere inside the HOMO-LUMO gap of the molecule (Fig. 2.1(a)).
Figure 2.1: Schematic of a metal/molecule/metal junction. (a) Sketch of the energy
level diagram without an external bias voltage (V = 0). The molecule is attached
to two electrodes with the Fermi levels μ1, μ2 and the eigenstates ϕ1, ϕ2. Whereas
the electrodes have a uniform density of states the energy levels of the molecules are
represented by discrete lines. The coupling is described by the operators V1m, Vm2 and
V12. (b) Applying a voltage V > 0 shifts the Fermi levels of the electrodes by a value
1
2 eV . In the sketched case, the LUMO lies within the energy window which is spanned
by the applied voltage, and resonant transport via this level occurs.
If a voltage V is applied across the junction, the electrochemical potentials of the
electrodes are shifted against each other by an amount of μ1 − μ2 = eV . This is
shown in Fig. 2.1(b) for the case of V > 0. The Fermi level of the left electrode
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μ1 decreases whereas that of the right electrode μ2 increases by the same value.
Within this a bias voltage window is opened and electrons can flow from the right
to the left electrode.
At this point the transport in a nanoscale metal/molecule/metal junction has to
be split into two principle mechanisms. If no molecular energy levels lie within
the energy window which is spanned by the applied voltage, the molecule acts as
an insulating barrier. In this case, electron transfer between the two electrodes is
a non-resonant tunneling process. If molecular energy levels lie within the energy
window, electrons will use these available states to cross the junction. Thus, the
charge is transferred resonantly via the molecular states leading to a resonant
tunneling process. Fig. 2.1(b) sketches the case where the LUMO is situated in
the energy window and resonant tunneling occurs through this state. If a negative
voltage (V < 0) is applied, the electrode level shifts are inverse and transport
through the HOMO gets possible.
Which transport mechanism finally takes place is strongly dependent on the type
of the molecule and its connection to the electrodes. Particularly, the location of
the molecular states relative to the electrochemical potential of the electrodes and
the shape of the molecular orbitals are crucial as well as the kind and the strength
of the electronic coupling of the molecule to the electrodes.
2.2 Resonant transport
To understand the flow of current through molecules a detailed model of the
metal/molecule interface is needed. The metal/molecule system can be described
with an energy level diagram showing the molecular energy levels relative to the
Fermi energy (EF ) in the metallic contacts. This energy level diagram has to
be combined with an estimation of the broadening of the molecular levels due to
the coupling to the contacts and with a description of the spatial profile of the
molecular potential under bias.
Considering first a molecule with only weak electronic coupling to the metallic
electrodes the energy levels can be lined up using the metallic work function (Φ)
and the electronic affinity (EA) and ionization potential (IP ) of the molecule.
These values are associated with electron emission and injection to and from
vacuum and may need some modification to account for the metallic contacts.
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For example the actual EA, IP will possibly be modified from EA0, IP0 due to
the image potential φimage associated with the metallic contacts [23]:
EA = EA0 + φimage, (2.2)
IP = IP0 − φimage. (2.3)
The probability of the molecule losing an electron to form a positive ion is equal
to e(Φ−IP )/kBT while the probability of the molecule gaining an electron to form
a negative ion is equal to e(EA−Φ)/kBT . Thus, it is expected that the molecule
remains neutral as long as both (Φ−IP ) and (EA−Φ) are much larger than kBT ,
a condition that is usually satisfied for most metal-molecule combinations. Since
it costs too much energy to transfer one electron into or out of the molecule, it
prefers to remain neutral in equilibrium. The picture changes qualitatively if the
molecule is chemisorbed directly on the metallic contact, i.e., a strong coupling
regime exists. Then the molecular energy levels are broadened significantly by
the strong hybridization with the delocalized metallic wave functions, making it
possible to transfer fractional amounts of charge to or from the molecule. Indeed
there is a change in the electrostatic potential inside the molecule due to the
charge transfer and the energy levels of the molecule are shifted by a contact
potential (CP). It is now more appropriate to describe transport in terms of the
HOMO/LUMO levels associated with incremental charge transfer [24, 25] rather
than the affinity and ionization levels associated with integer charge transfer.
Whether the molecule-metal coupling is strong enough for this to occur depends on
the relative magnitudes of the single electron charging energy (U) and the energy
level broadening (Γ). Due to the fact that all molecules which are investigated
within this work are chemically bonded to the metal on one side of the junction
the systems will always end up in the strong coupling regime.
Additionally, the location of the Fermi energy relative to the HOMO and LUMO
levels is a crucial factor for electron transport. Usually it lies somewhere inside
the HOMO-LUMO gap but the exact position is dependent on the charging of
the molecules due to the contact with the electrodes. Thus, EF is treated as a
fitting parameter within reasonable limits when trying to explain experimental
I-V curves [26].
The broadening (Γ) of the molecular levels due to the coupling to the contacts
can be described as combination of the states of the electrodes (ϕ1, ϕ2) with that
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of the molecule (ϕm) following:
Γ1 = 2π
∑
i∈ϕ1
|Vi,m|δ(i − m), (2.4)
Γ2 = 2π
∑
j∈ϕ2
|Vm,j|δ(j − m), (2.5)
with the related energies  and Γ = Γ1 + Γ2. Alternatively, the broadening can
be related to the time τ it takes for an electron placed in one molecular level
to escape into the contact: Γ = /τ , i.e., Γ/ is the rate at which electrons are
injected into the level from the contact or vice versa.
Finally, the spatial profile of the molecular potential under bias has to be de-
scribed. As displayed in Fig. 2.1(b), the electrochemical potentials (μ1, μ2) of
the two electrodes split when an external voltage V is applied to the junction and
they are shifted in respect to the molecular levels. Taking the left electrode as
reference leads then to
μ1 = EF and μ2 = EF + eV. (2.6)
But not only the electrode potentials shift under bias also the molecular levels
change their position. Here, S. Datta et al. [27] developed a very useful system to
describe the resulting spatial profile. With the approximation that all molecular
levels shift equally the average potential can be described with:
〈δvm(r)〉 = ηeV, (2.7)
where the voltage division factor η is a number between 0 and 1. The chemical
potentials of the electrodes can thus be calculated to:
μ1 = EF − ηeV and μ2 = EF + (1− η)eV. (2.8)
The value of η is directly related to the molecule and its coupling to the electrode,
and some cases are depicted in Fig. 2.2.
For example, for low voltages (eV < min(EF −EHOMO, ELUMO−EF )) the change
in the charge density will be very small because the molecule has a low density
of states within the gap. This yields in a linear potential profile, as shown in
the upper part of Fig. 2.2(a), and η = 0.5, if the molecule is roughly halfway
between the contacts and the contact area on the electrode is large compared
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to the length of the molecule. Within the same conditions but with a highly
polarizable molecule, η will also be 0.5 but the potential profile will be flat inside
the molecule (see lower part of Fig. 2.2(a)). On the other side, if there is a
significant density of states in the molecule within the voltage gap window, it
will lose or gain charge depending on the relative coupling to the contacts and
the resulting potential profile will change to that displayed in Fig. 2.2(b) or (c),
depending on the relative coupling to the electrodes 1 and 2. Furthermore, the
Figure 2.2: Four examples of potential profiles, illustrating the meaning of the voltage
division factor η. Adapted from [26].
value for η is related to the kind of transport through the molecule. In the case
of η = 0 and positive bias applied to electrode 1, the current starts to flow when
μ1 crosses the LUMO, while for negative bias, the current starts to flow when
μ2 crosses the HOMO. This explains why the positive branch of measured I-V
characteristics sometimes looks different compared to the negative branch, since
they involve different molecular orbitals. In the case of η = 0.5, conduction can
take place through HOMO or LUMO for either bias polarity. If the equilibrium
Fermi energy EF is much closer to the HOMO to start with, conduction takes
place through the HOMO and the LUMO plays no role. If EF is much closer to
the LUMO, conduction will take place through the LUMO and the HOMO will
play no role. In either case the I-V characteristics will look much more symmetric,
since the same orbitals are involved for either bias direction.
The current I across the junction is a function of the transmission coefficients
between the three junction parts which includes all three above discussed aspects.
In a first approximation it can be considered that only one discrete molecular
energy level with energy  is situated between the electrochemical potentials of the
two metal electrodes. This level could represent either the HOMO or the LUMO
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depending on which is closer to the equilibrium Fermi energy EF . As described
above, the flow of electrons between the electrodes and the molecular level can be
described by the rate Γ/ and the actual number of electrons occupying this level
is N . The net current across the left junction can than be written as
IL =
eΓ1

[2f(, μ1)−N ] (2.9)
and that across the right junction as
IR =
eΓ2

[N − 2f(, μ2)] . (2.10)
Under steady state, the current across the two junctions will be equal (IL = IR)
and the current across the whole junction can be calculated to
I =
2e

Γ1Γ2
Γ1 + Γ2
[f(, μ1)− f(, μ2)] . (2.11)
Given the level (), the broadening (Γ1, Γ2) and the electrochemical potentials μ1
and μ2 of the two contacts, equation (2.11) can be solved for a current I.
Up to now, the level  was treated as discrete, ignoring the broadening that ac-
companies the coupling to the electrodes. To take this into account the discrete
level has to be replaced with a Lorentzian density of states D(E):
D(E) =
1
2π
Γ
(E − )2 + (Γ/2)2 (2.12)
and equation (2.11) changes to
I =
2e

∫ +∞
−∞
D(E)
Γ1Γ2
Γ1 + Γ2
[f(E, μ1)− f(E, μ2)] dE. (2.13)
To include charge transfer effects the potential USC = 〈δvm(r)〉 has to be added
due to the change in the number of electrons. Taking the equilibrium value
2f(0, EF ) as starting point it follows
USC = U(N − 2f(0, EF )). (2.14)
The molecular level center  will then float up or down by this potential
 = 0 + USC (2.15)
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and since the potential depends on the number of electrons, the potential has to
be calculated using a self consistent procedure as described in Ref. [26].
The one-level model described in the last section includes the three basic factors
that influence molecular conduction, namely EF − 0, Γ1,2, and U . However, mo-
lecules typically have multiple levels that often broaden and overlap. In general
a formalism is needed that can do justice to multiple levels with arbitrary broad-
ening and overlap. At this point semi-empirical approaches, like that of Datta et
al. which is described here, fail and the transport properties have to be calculated
ab initio with quantum mechanical methods such as the non-equilibrium Green’s
function (NEGF). Nevertheless, using the semi-empirical approach described here
to fit the experimental I-V data by introducing one or more parameters leads to
good results, as shown for example in [27].
However, also in the NEGF formalism [26] the current through the junction follows
the equation:
I =
2e
h
∫ +∞
−∞
T (E) [f(E, μ1)− f(E, μ2)] dE, (2.16)
with a transmission coefficient T (E) and the conductance of the junction gets a
function of this coefficient
G = G0T (E), (2.17)
with G0 = 2e
2/h = 77μS the quantum of conductance. The maximum con-
ductance is reached when the transmission probability gets one, which is the case
when an atomic metal wire is inserted between the electrodes but for single organic
molecules the value of G is usually much lower [22].
2.3 Non-resonant transport
If no molecular energy levels lie within the energy window which is spanned by
the applied voltage, the molecule acts as an insulating barrier. Thus, the current
can be described by a simple tunneling model and the conduction mechanisms of
solid state insulators can be applied (compare table 2.1).
The HOMO corresponds in this case to a valance band and the LUMO to a
conduction band. When the Fermi level of the metal is aligned close enough to
one energy level (either HOMO or LUMO), the effect of the other distant energy
level on the tunneling transport is negligible, the problem reduces to a one-band
model, and the widely used Simmons model is an excellent approximation [29].
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Conduction Current Temperature Voltage
mechanism behavior dependence dependence
Direct tunneling J ∼ V
z
e−
2z

√
2mΦ none J ∼ V
Fowler-Nordheim tunneling J ∼ V 2e− 4z
√
2mΦ3/2
3qV none ln
(
J
V 2
) ∼ 1
V
Thermionic emission J ∼ T 2e−
Φ−q
√
qV
4πz
kBT ln
(
J
T 2
) ∼ 1
T
ln(J) ∼ V 1/2
Hopping conduction J ∼ V e− ΦkBT ln ( J
V
) ∼ 1
T
J ∼ V
Table 2.1: Possible conductance mechanisms in solid state insulators. Adapted from
Ref. [28].
The Simmons model expresses the tunneling current density through a thin barrier
with the mean barrier height ΦB as
J =
( e
4π2z2
){(
ΦB − eV
2
)
exp
[
−2
√
2m

α
√(
ΦB − eV
2
)
z
]
−
(
ΦB +
eV
2
)
exp
[
−2
√
2m

α
√(
ΦB +
eV
2
)
z
]}
,
(2.18)
wherem is the electron mass, z is the barrier width, V is the applied bias, and α is a
unitless adjustable parameter that is introduced to modify the simple rectangular
barrier model or to account for an effective mass [30]. Equation (2.18) can be
approximated in two limits: low bias and high bias as compared with the barrier
height ΦB. For the low bias range (eV << ΦB), Eq. (2.18) can be approximated
as
J ≈
(√
2mΦBe
2α
h2z
)
V exp
[
−2
√
2m

α
√
ΦBz
]
, (2.19)
whereas for the high bias regime (eV > ΦB), Eq. (2.18) can be approximated
as
J ≈
(
e3V 2
z2ΦB
)
exp
[
−4
√
2m
3eV
αΦ
3/2
B z
]
. (2.20)
Equation (2.19) and (2.20) show that the current density is exponentially depen-
dent on the barrier width z for low bias as well as for high bias. According to
the Simmons model, the tunneling current can be written with a decay coefficient
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β whereas this factor is either bias dependent or independent. For the low bias
regime the current is
J ∝ 1
z
exp(−β0z), (2.21)
and β0 is a bias independent decay coefficient with
β0 =
2
√
2m

α
√
ΦB. (2.22)
On the other hand, for the high bias regime, the current is
J ∝ V
2
z2
exp(−βV z), (2.23)
and βV is a bias dependent decay coefficient with
βV =
4
√
2m
3eV
αΦ
3/2
B . (2.24)
In a first approximation, the pre-exponential factor in the current equations (2.21)
and (2.23) can be neglected compared to the exponential factor, leading to a
current vs. distance dependence of
I = G(V )exp [−β(ΦB, V )z]V. (2.25)
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Most results within this work have been obtained using scanning tunneling mi-
croscopy (STM). Hence this chapter will give a short introduction to the theory
of STM. Complementary techniques that have been used in this thesis will also
be briefly described here. Finally, an overview of the employed UHV-STM setup
will be given.
3.1 STM
The working principle of STM [31] is to bring a sharp metallic tip into close
vicinity of a flat conducting sample surface and keep it in front of the surface at a
very small distance of typically below one nanometer. The tunneling tip is a wire
that has been sharpened by chemical etching or mechanical grinding. Materials
like W, Pt/Ir, or pure Ir are often used as tip materials. A schematic view of a
STM is shown in Fig. 3.1. The sample and the tip are connected by an external
voltage source VT . If the distance between the tip and the sample is in the order
of a nanometer, a tunneling current IT flows between the tip and the sample. This
current is used as the feedback signal in a z-feedback loop.
Two different operation modes are commonly used. In the constant-current mode,
images are created by scanning with the tip in the xy plane and adjusting the z
position in order to keep IT constant. A three-dimensional map z(x, y, IT=const.)
is recorded. In the constant-height mode, the probe scans the surface while the
signal of the z-scanner is kept constant, and a three-dimensional image IT (x, y,
z=const.) is created.
In a rather simplistic model the tunneling current is given by
IT = I0 e
−2κz, with κ =
√
2mΦ/, (3.1)
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with Φ the work function, m the electron mass, and z the distance between tip and
sample. I0 is a function of the applied voltage and the density of states in both,
tip and sample. A typical value for the work function Φ is 5 eV, yielding a decay
length κ of about 0.1 nm. Therefore, if the distance z is increased by 0.1 nm, the
current drops by an order of magnitude. As a consequence, the tunneling current
is focused only on the nearest atoms of the tip and the sample leading to the
atomic-scale resolution of STM.
Figure 3.1: Schematic diagram illustrating the principle of a scanning tunneling mi-
croscope. A metallic tip is scanned across a conducting substrate in x- and y-direction.
The strong dependence of the tunneling current on the distance (z) between the tip and
the substrate surface is used to probe the topography of the sample.
3.1.1 The theory of STM
An accurate description of the tunneling process can be given with the trans-
fer Hamiltonian approximation introduced by Bardeen [32], where the tunneling
current is given by:
IT =
2πe

∑
t,s
|Mts|2δ(Et − (Es + eV ))
× [f(Et, μt) [1− f(Es, μs)]− f(Es, μs) [1− f(Et, μt)]] ,
(3.2)
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with V the applied sample bias voltage, and f(E, μ) the Fermi-Dirac distribution
function (see Eq. (2.1)). The δ-function attributes to the restriction of elastic
tunneling processes. Mts is the tunneling matrix element between the states ϕt
of the tip and ϕs of the sample, having the energies Et,s with respect to the
electrochemical potentials μt,s. This expression can be simplified by assuming a
step-like behavior for the Fermi-Dirac function, which in principle is only true for
zero temperature and a rough approximation at 300K, but provides reasonable
results in the most cases. The current can thus be written as
IT =
2πe2

VT
∑
t,s
|Mts|2δ(Et − EF )δ(Es − EF ). (3.3)
The tunneling matrix element Mst quantifies the overlap of the wave functions ϕt
and ϕs of tip and sample states in the tunneling gap and can be written for both
cases as a surface integral over the whole surface S:
Mts = − 
2
2m
∫
dS(ϕ∗t∇ϕs − ϕs∇ϕ∗t ). (3.4)
To go behind the qualitative properties of the tunneling current a detailed de-
scription for the matrix element Mts is needed. A common approximation in
STM theory is the s-type wave function approximation (only s-type wave func-
tions of the tip contribute to the tunneling process), introduced by Tersoff and
Hamann [33, 34]. Additionally, the summation over the absolute squares of the
wave functions together with the energy δ-functions in Eq. (3.3) can be evaluated
to yield the local density of states (LDOS) of the sample ρs at the position (x, y)
below the tip and the LDOS ρt of the tip. This leads to a modified expression of
the tunneling current (Eq. (3.3)) of [35]:
IT (V ) ∝
∫ eV
0
ρt(E − eV )ρs(E, x, y)T (E, V, z)dE. (3.5)
The electrochemical potential of the substrate is taken as a reference energy here
(μs = 0) and T (E, V, z) is the transition matrix describing the tunneling proba-
bility. Equation (3.5) shows that the tunneling current depends on the density
of states of the tip at an applied bias voltage V , on the density of states of the
surface at the Fermi level, and on the transition matrix T . According to Eq. (3.1),
i.e., using the simplified model of a rectangular shape for the barrier, T (E, V, z)
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is given as
T (E, V, z) = exp
[
−2z
√
2m
2
(Φ¯ +
eV
2
− E)
]
, (3.6)
with Φ¯ = (Φt + Φs)/2 the average of the work functions of tip and samples and
z = L + R the distance between tip and sample measured as depicted in Fig.
3.2.
Figure 3.2: Schematic of the tip geometry in the s-type wave function approximation
with respect to the sample surface.
Finally, for low bias voltages eV << Φt + Φs the bias and energy dependence of
the transmission factor T in Eq. (3.6) can be disregarded, leading to the following
simplified expression for the current:
IT (V ) ∝ e−2κz
∫ eV
0
ρt(E − eV )ρs(E, x, y)dE (3.7)
where κ =
√
m
2
(Φt + Φs) depends now only on the work functions of the tip and
the surface. The first factor in Eq. (3.7) described the exponential z-dependence
of the tunneling current, which is the “topography” information, while the integral
factor depends on the density of states of tip and sample.
Thus, STM does not show a real geometric surface contour but a mixture of lo-
cal electronic properties and topography. Therefore, STM measurements always
need a careful interpretation and a stepwise investigation starting from a clean
metal surface is useful, especially with regard to more complex structures (like
molecules) adsorbed on these metal surfaces. Further, it is important to note that
STM does neither map contours of constant electron density. As elastic tunneling
only occurs for electrons at energies between EF and EF + eV , only the LDOS
in this energy window contributes to the current signal. Thus, STM monitors
images of constant LDOS windows at the Fermi level. This explains why the ap-
pearance of features in STM images is highly voltage dependent. Since the energy
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states around the applied bias voltage contribute most to the tunneling current
the displayed features vary with the applied bias voltage. Depending on the in-
vestigated surface material, surface features may emerge or vanish upon variation
of the bias voltage, depending on the position of the energy states associated with
them. Nowadays, the LDOS as well as the LDOS windows can be calculated by
density functional theory which is introduced in chapter 4.
The aspect of monitoring LDOS windows becomes crucial in interpreting STM
data obtained on molecular adsorbates. STM topography images of molecules
often show internal structures and details but the interpretation is not straight
forward due to the fact that protrusions on the STM image do not necessarily
represent actual positions of atoms. It is rather expected that such features cor-
respond to molecular orbitals, in particular the HOMO and LUMO molecular
orbitals. This is easy understandable for molecules with HOMO and (or) LUMO
states within the measurable voltage window of STM but molecules without states
within this window are also “visible” in STM. This is due to the fact that non-
resonant tunneling (as described in section 2.3) occurs and the contributions of
the adsorbates to the current originates from tails of molecular orbital resonances
crossing the Fermi level. These tails are usually rather small at the Fermi level
and contributions from the substrate surface are also displayed.
The combined information of topography and electronic properties makes STM
techniques complex but also to one essential measurement tool for molecular elec-
tronics. It is possible to get an image of the surface topography, identify different
molecular species and to measure the electronic properties of exactly these mole-
cules with high resolution.
3.1.2 Theory behind Scanning Tunneling Spectroscopy
Scanning tunneling spectroscopy (STS) is used to directly evaluate the electronic
information which is included in the integral of Eq. (3.7) and of particular inter-
est within this work. STS includes the approaches of current-voltage (I-V) and
current-distance (I-z) spectroscopy. Current-voltage spectroscopy is performed by
positioning the STM tip above a feature and opening the feedback loop, which
results in a constant height z of the tip above the surface. While ramping the bias
voltage V , the current I is recorded and either the differential conductance dI/dV
is recorded simultaneously or numerically calculated afterwards. The differential
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conductance can be calculated by taking the derivative of (3.7):
dI
dV
∝ −
(∫ eV
0
ρs(E)
dρt
dE
(E − eV )dE
)
+ ρs(eV )ρt(0). (3.8)
It is typically assumed that the tip-DOS does not depend on the voltage and
accordingly that the integral term of Eq. (3.8) can be neglected. The differential
conductance becomes
dI
dV
∝ ρs(eV )ρt(0), (3.9)
describing the ideal case for STS, probing the surface LDOS by rapidly ramping
V without other influences. However, it has to be proven in each case that the
dI/dV signal really does not depend on the electronic configuration of the tip.
This can be done by measuring dI/dV curves on one sample with different STM
tips.
Current-distance spectroscopy is performed by positioning the STM tip above
a feature and opening the feedback loop. Then the applied bias is kept con-
stant whereas the tip sample distance is varied and the current is simultaneously
recorded. This kind of spectroscopy makes use of the fact that the surface state
wave functions of the sample material decay into the vacuum with an exponen-
tial dependence on the distance z. The quantity of this exponential decay is a
function of the material and can be described with the decay constant β. When
plotting the current as a function of distance on a semi logarithmic scale the
resulting curve slope is equal to β since the linear conductance G of the elec-
trode/molecule/electrode junction (compare Eq. (2.17) of chapter 2) is defined in
the Landauer formula as
G = G0T with G0 =
2e2
h
. (3.10)
T gives the efficiency of the charge transport across the junction and can be
split into one contribution for each of the two contact and one for the molecule
T = TL ·TR ·Tmol. Combining TL, TR and G0 to a pre-factor, denoted as the contact
conductance Gc = G0TLTR, and assuming Tmol = e
−βz, as defined within the
approximation of non-resonant tunneling (Simmons equations, compare section
2.3), leads to
G = Gce
−βz. (3.11)
28
3.2 Complementary techniques
For the special case of a STM based junction with a metallic tip, a vacuum level
between tip and molecule, and a molecule which is bonded to a metallic substrate
the value of β differs in dependence of the tip position within the junction due
to the different materials. The conductance can be separated into contribution of
the vacuum gap and of the molecular units [36–38], and can be written as
G = Gcexp
[
−
(
βvaczvac +
n∑
i=1
βizi
)]
, (3.12)
with i the number of the molecular unit (and n units). The length of the molecular
unit is denoted as zi.
In the approximation of non-resonant tunneling through molecules as tunneling
through a rectangular barrier the decay parameter β is given by equation (2.22)
respectively by (2.24), for triangular barriers, and the potential barrier height
ΦB can additionally be extracted from the I-z data. For resonant tunneling the
conductance G is strongly dependent on the transition matrix element T and a
simple product with an exponential dependence due to coupling and superposition
effects of the states (compare 2.2) is only a rough estimation. Thus, no generalizing
term for the relation between the decay constant and the barrier height can be
given and the accurate tunneling transmission efficiencies, based on the junction
symmetry and the density of electronic state, have to be calculated based on
methods like NEGF theory [37] in every single case.
3.2 Complementary techniques
STM is a local technique with high lateral resolution but with limited chemical sen-
sitivity. Complementary information has thus to be gained from chemically more
sensitive techniques. Within this work low energy electron diffraction (LEED)
and Auger electron spectroscopy (AES) are performed on the copper sample sur-
faces to check their flatness and cleanliness. X-ray photoelectron spectroscopy
(XPS) is performed to determine the binding chemistry, and composition of the
molecular species adsorbed on the metal surface. Due to the important informa-
tion given by XPS for investigation the principle of XPS will be described here.
Additionally, ultraviolet-visible (UV-VIS) spectroscopy is used for all molecular
species to measure the optical HOMO-LUMO gap which can be derived from the
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onset of the energetically lowest absorption band and which can be compared to
the HOMO-LUMO gap measured by STM.
3.2.1 XPS
XPS is a quantitative spectroscopic technique that allows to determine the ele-
mental composition, empirical formula, chemical state, and electronic state of the
elements that exist within a material. The principle of XPS is based on the pho-
toelectric effect and spectra are obtained by irradiating a material with a beam of
X-rays while simultaneously measuring the kinetic energy and number of electrons
that escape from the material being analyzed. In detail, monochromatic photons
with energy hν are absorbed by atoms in a molecule or solid, leading to ionization
and the emission of core (inner shell) electrons. The kinetic energy distribution
of the emitted photoelectrons can be measured using a electron energy analyzer
and can be recorded as a function of the energy of the irradiated photons. The
principle of energy conservation requires that:
Ekin = hν − EB − Φs, (3.13)
with EB the binding energy of the electron and Φs the work function of the sample.
The photoelectrons enter the analyzer with the kinetic energy E ′kin, lose the energy
Epass, and are detected with an energy E
′′
kin. Energy conservation has to apply
also for the side of the analyzer and for the whole system, so that the relation
between detected energy and binding energy EB is E
′′
kin = hν −EB −Φa −Epass.
A schematic XPS energy diagram is depicted in Fig. 3.3.
Accordingly, the determination of the binding energy EB requires the values of the
work functions of the analyzer Φa and the sample Φs. However, it is sufficient to
know the work function of the analyzer because the Fermi levels of the two systems
can be equalized by an electrical contact. The spectrometer is then calibrated by
measuring the binding energy of a well-known reference sample.
XPS is a surface sensitive technique due to the relatively small escape depth of
the generated photoelectrons. The mean free path of the electrons is dependent
on their kinetic energy and for typical energies between 10 and 1100 eV the mean
escape depth is typically in the range of several nanometers [39]. The limited
escape depth of the electrons can be exploit by angle-resolved XPS in order to
obtain a depth profile of the chemical composition of the sample. A typical X-ray
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photoelectron spectrum shows characteristic lines for the core shells of the atoms
at low kinetic photoelectron energies, for the outer shells of the atoms at high
kinetic energies and satellite peaks generated by plasmon excitations or shake-up
processes. Furthermore, Auger peaks appear as well as peaks related to secondary
electrons and inelastic scattered electrons which build the characteristic step-like
shaped background of the spectrum. The background correction is usually done
by the method established by Shirley [40].
Figure 3.3: Schematic XPS energy diagramm. Irradiated are monochromatic photons
with an energy of hν. These photons interact with the sample and electrons leave the
sample with a kinetic energy Ekin. They enter the analyzer with an energy of E
′
kin,
and are detected with the energy E′′kin. The Fermi levels of the two systems have been
equalized by an electrical contact between sample and analyzer.
The advantage of XPS is its chemical sensitivity , i.e., its sensitivity to the local
charge distribution at the atomic positions. Different effects contribute to the
actual binding energy EeffB :
EeffB = EB +ΔEchem +ΔEMad +ΔE
int
r +ΔE
ext
r , (3.14)
where the chemical shift ΔEchem and the Madelung term ΔEMad take into account
the statistic effects influencing the ground state energy, whereas the ΔEr terms
describe relaxation effects due to dynamical processes related to the core electrons
(ΔEintr ) and the outer shell electrons (ΔE
ext
r ). One essential term of this equation
is the chemical shift which describes the change of the photoemission lines due to
different chemical environments. One model to describe the physical principle
of the chemical shift is the so called “charge potential model” with the main
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equation:
ΔEB = E
0
i + kqi +
∑
j
qi
rij
. (3.15)
Here Ei is the binding energy of a particular core level on atom i, E
0
i is an energy
reference, qi is the charge on atom i and the final term of the equation (3.15) sums
the potential at atom i due to point charges on neighbored atoms j. The atom is
considered as a hollow sphere with radius rv and its valence electrons with charge
qi occupy the surface. Thus, the classical potential inside the sphere is the same
at all points and equal to qi/rv. A change in the valence electron charge (density)
of Δqi changes the potential inside the sphere by Δq/rv. Thus, the binding energy
of all core levels will change by this amount. Moreover, as rv increases the binding
energy shift for a given Δqi will decrease. Such a change takes place for example
when one atom binds covalently to another one.
3.3 Experimental setup
Scanning tunneling microscopy systems are used to investigate molecular, sub-
molecular and atomic properties. Surface topographies with their imperfections,
impurities or contaminations are investigated as well as the molecular self-assembly
behavior on metal surfaces. Moreover, energetic properties are accessible by STM
in terms of mapping the local density of states (LDOS). Commonly STM is per-
formed in ultra high vacuum (UHV) or in ultra pure solutions because an atmo-
spheric environment would cause the instantaneous formation of adsorbate layers
on any surface and thereby alter the surface properties. Especially, the local den-
sity of states or surface reconstructions can be altered by undesired adsorbates
or even chemical reactions can take place on the surface, changing the material
properties. In addition, a thin layer of water molecules, which is always present on
any surface, constricts the imaging resolution. In the case of oxidizable surfaces,
like copper, the amount of oxygen has to be reduced to ensure a clean surface for
investigations. A UHV environment protects surfaces from oxidation, adsorption,
or chemical reactions. It enables a reasonable storage time for metals such as
gold or platinum and opens a process window for handling clean copper surfaces.
Monolayer surfaces can be prepared, stored, and measured without environmental
influences. Furthermore, for the preparation of molecular monolayers on reactive
substrates, like copper, the possibility of in-situ deposition by sublimation is es-
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sential. So, a UHV environment gets the standard for molecular self-assembly
investigations by STM and a home-built setup, which is adapted to our unique
requirements, is used for the experiments described in this thesis.
3.3.1 The UHV-STM system
The setup consists of four chambers, two main chambers, for measurements and
for storage, and two small chambers, for substrate preparation and for molecule
deposition. A small load lock is added to the setup for rapid sample and STM
tip transfer into the vacuum system. The whole system is schematically drawn in
Fig. 3.4, supplemented with photographs of the main parts.
The substrate preparation chamber is equipped with a turbo molecular pump
(TMP), reaching a base pressure of < 5.0 · 10−8mbar. An argon ion source (Vac-
uum Generators, Type AG21) is installed for sputter cleaning of sample substrates.
For Cu(110) single crystal surfaces typically high voltages of 1-3 kV are applied
with a sputter current of 20μA for a sample size of 21mm2. The argon pressure
during sputtering is about 1.0 · 10−5mbar.
The molecule deposition chamber is localized on the left side of the substrate
preparation chamber and separated by a gate valve. It is equipped with a de-
tached TMP system, reaching a base pressure of < 1.0 · 10−8mbar, and can be
separated in two parts by a gate valve [B]. The rotational stage for a sample holder
is located in the upper part of the chamber and provides electrical connections
for sample heating before, during, or after molecule deposition. The lower part
consists of a small volume with two dosing valves to dose molecules or gases. The
molecules are kept in small glass containers connected to these dosing valves, en-
abling an easy mounting of different molecules without breaking the vacuum of
the chamber. Additionally, an easy access for cooling and heating the molecules
from the outside is given in this way. The lower part of the chamber can be
pumped independently over a bypass [A,C], which allows to clean the molecules
before deposition by freezing/thawing cycles under vacuum conditions. If the va-
por pressure of specific molecules is to low or to high for normal pressure and
temperature conditions, the deposition pressure can be additionally changed by
differential pumping through this bypass.
The storage chamber consists mainly of a rotational storage carousel with a va-
riety of sample and tip mounting stages. Besides the normal storage stages, two
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Figure 3.4: Schematic overview of the UHV-STM System, showing the layout of the
four chambers. The photographs show: the molecule deposition chamber with the
molecular containers below (1), the storage carousel inside the chamber from top view
(2), the STM stage inside the measurement chamber (3), and the substrate preparation
chamber with the argon ion source on the right side (4).
stages provide electrical contacts for heating the samples with a special filament
embedded in the sample holder or by simple dc annealing. With these stages
temperatures up to 1200K can be achieved on the sample, controlled by an ex-
ternal pyrometer. One tip holder stage is equipped with a tungsten filament to
remove adsorbates from the tip by heating. This chamber has a base pressure of
< 3.0 · 10−9mbar, reached by pumping with an ion getter pump.
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The measurement chamber is pumped by an ion getter pump and a titanium
sublimation pump. A base pressure of < 9.0 · 10−11mbar allows to measure even
reactive metal surfaces such as copper over periods of several days without signif-
icant surface contamination. The STM itself is a commercially available variable
temperature STM (JEOL STM-4500S) with associated cryostat which is designed
to work in the nominal temperature range of 20K to 1400K. Low temperatures
can be achieved only with specific low temperature sample holders.
3.3.2 STM and STS data acquisition
STM and STS measurements have been performed on gold thin films, copper and
germanium single crystals, see chapter 6. Homemade electrochemically etched
tungsten tips were used for all measurements. The STM topography images shown
in this thesis were obtained at room temperature in constant-current mode. The
applied voltage and the reference current used during scanning are denoted as VSet
and ISet. Positive bias voltage values are related to a tunneling of electrons from
the STM tip into the unoccupied states of the sample.
While STM measurements are routinely performed at room temperature, STS
measurements are often done at low temperatures, for example, to lower the
molecular motion. As it turned out that low temperature STS measurements
are not possible with the present setup, STS measurements were done at room
temperature. Some special procedures and settings were used to improve the sig-
nal to noise ratio and to take reproducible spectra.
Before starting spectroscopic measurements, and after a series of measurements,
topographic imaging of the sample was performed. Only areas with a clear molec-
ular structure and without any vacancy islands or defects were chosen for spectro-
scopic measurements. The STM tip was positioned above a molecule and then the
STM was put into spectroscopy mode. The STM-software allows to choose within
three modes. Beside the normal current-voltage (I-V) spectroscopy and current-
distance (I-z) spectroscopy a current imaging tunneling spectroscopy (CITS) mode
is available. The CITS scan is a series of tunneling current images obtained with a
fixed tip/sample distance and an optionally designated bias voltage. It is possible
to obtain an I-V curve (max. 124 points) at each point of a chosen scan area
and take an average image of the designated range. This mode allows to assign
spatially varying electronic properties to local topographical features with high
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precision. Unfortunately the resolution of the image and of the spectra is low,
since the tunneling set point can not be optimized for spectroscopy and imag-
ing simultaneously and the frequent voltage modulations can cause disturbances.
Furthermore, CITS is very shock-sensitive and smallest height variations between
the molecules can cause tip crashes. Hence, most I-V data shown in this thesis
were taken in the normal I-V mode following a procedure described below. The
scanning was turned of, hence the STM tip was kept fixed at one point. Still,
there will be some lateral drift but this should not give rise to a problem, since
the acquisition time for one spectrum is chosen in the range of 1-2 seconds. A
series of I-V measurements was started with the tip position far away from the
molecule. The distance is determined by the values of the voltage VSet and the set
point current ISet. A typical tunneling current to start with was ISet = 0.1 nA at
a sample bias of VSet = −2.0V. After the feedback loop had been turned off, the
bias voltage was increased from -3.0V to +3.0V, while recording the resulting cur-
rent at steps of 0.01V. After each voltage sweep the feedback loop was turned on
again and the tip height was readjusted before starting a new measurement. After
ten sweeps ISet was increased by 0.1 nA while the sample bias voltage was kept
constant and a new series of sweeps was started. This procedure was repeated un-
til ISet = 0.6 nA was reached. For even higher currents a significant change in the
topographical image was visible, allegeable with the destruction of the molecular
layer. The same procedure was repeated several times and with different tips. In
this way an unambiguous assignment of the I-V curves to the electronic structure
of the molecule/substrate system is possible. All spectroscopy data shown here
were averaged over ten curves and compared with the data obtained for various
molecules spread over the samples.
Current-distance spectroscopy measurements were taken by manually defining a
spatial position of the STM tip on the sample. The vertical tip position is thereby
defined by the set point voltage and current and denoted as distance zero. The
tip is retracted by a defined value in the range of nanometer and then moved
towards the sample. During movement the current is recorded in dependence on
the distance related to zero.
The STM/STS data shown in this thesis were evaluated using WinSPM DPS (Ver-
sion 2.00) from Jeol Ltd. and SPIP (Version 5.0.1.0) from Image Metrology.
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Electronics: DFT
Density functional theory (DFT) [41] is a parameter-free theoretical method which
is built without any fitting to a particular experiment and thus is“ab initio”. Using
DFT, it is possible to calculate the electronic structure of a set of atoms with high
precision.
DFT is based on the Born-Oppenheimer approximation which exploits the fact
that electrons move much faster than atomic cores. A full calculation can thus
be split into two nested calculation loops. In the inner one, DFT determines
the electronic distributions for a given set of atomic nuclei positions, while in
the outer loop this electronic distribution is used to calculate the forces between
the atoms [42, 43]. The relaxation of the atomic positions is then a step-wise
movement of the nuclei according to these forces until the forces become smaller
than a predefined value. Due to the loop nesting, each relaxation step includes a
full inner loop of self-consistent calculations. The final configuration is then the
energetically optimal configuration for both (nuclei and electrons).
DFT is a single particle theory which solves the Schro¨dinger equation for one
electron in the electric field of all nuclei and all other electrons. The Kohn-Sham
equation [44] states that all these interactions can be described by an effective
potential veff that is formed by the Coulomb potential of the nuclei vext (which
is fixed in the inner loop), by the Coulomb potential of all electrons (Hartree-
Potential) vH [n](r), and by an electronic exchange correlation term vxc[n](r). Both
vH [n](r) and vxc[n](r) depend at each position r only on the electron density n:
veff (r) = vext(r) + vH [n](r) + vxc[n](r). (4.1)
veff is used in the Schro¨dinger equation for the electron wave function ψi and
energy i: (
− 
2
2m
+ veff (r)
)
ψi(r) = iψi(r). (4.2)
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The electron density n is the probability distribution to find an electron at a posi-
tion r and thus the sum of the absolute squares of all one-electron wave functions
ψ at this position
n(r) =
ne∑
i=1
|ψ(r)|2 . (4.3)
Oversimplified the SCF (self-consistent field) loop is the following: Starting point
is a initial test distribution n. This is inserted in Eq. (4.1) which produces veff .
With this veff the Schro¨dinger equation (4.2) is solved. This provides the energy
and the wave function, which in (4.3) creates a new n. This process is repeated
until convergence, i.e., until the energy values obtained at the iteration i+1 differ
from those of iteration i by less than a pre-defined small value. The theorems of
Hohenberg and Kohn [41] state that this finally reached n is the real ground state
electron density nGS. Using nGS all relevant physical quantities can be calculated,
in particular the Hellmann-Feyman forces which are necessary to relax the nuclei
positions in the outer calculation loop [42,43].
Within this thesis LDOS calculations as well as total-energy calculations for the
carboxylate/Cu(110) system are reported which base on DFT methods as roughly
described above and detailed described in Ref. [25]. They were performed by using
the generalized gradient approximation (GGA) for the exchange-correlation en-
ergy functional in the form proposed by Perdew-Burke-Ernzerhof (PBE) [45]. The
Kohn-Sham equations [44] were solved self-consistently using the pseudopotential
method [46] as implemented in the VASP program [47,48]. The electron-ion inter-
actions were replaced by pseudopotentials described by the projector augmented-
wave method (PAW) [49]. Each molecule/Cu(110) system was modeled by a
periodic slab geometry using the theoretical lattice parameter of the bulk Cu
(≈ 0.364 nm). In each supercell the slab consists of five atomic layers separated
by a vacuum region of 0.23 nm. The size of the in-plane surface unit cell was
set to 4 × 5. For this geometrical setup, the Kohn-Sham orbitals were expanded
over a plane-wave basis set which includes all plane waves up to a cut-off energy
Ecut of 500 eV. The Brillouin zone integrations were carried out using only the
Γ-point. The geometry of the molecule/Cu(110) system was optimized by relax-
ing the atomic positions of all molecule atoms and those in two surface layers.
The equilibrium geometry of the molecule/Cu(110) surface was obtained when
the calculated Hellmann-Feynman forces were smaller than ≈ 0.05 eV/nm.
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“Self-assembly”describes the tendency of organic molecules to organize themselves
spontaneously into ordered structures in the presence of a metal, metal oxide or
semiconductor surface. On well-defined, atomically flat surfaces the self-assembly
process results in ordered structures with the molecular constituents having their
minimum total energies. The adsorption process is mainly driven by interactions
between the molecules and between molecules and surfaces. If only non-covalent
interactions are used to direct the molecular constituents into the resulting sur-
face pattern, the process is termed “supramolecular assembly” [6]. On the other
hand, the term“self-assembled monolayer”(SAM) is reserved, according to White-
sides [50], for a two dimensional (2D) film with the thickness of one molecule that
is attached to a solid surface through covalent bonds.
The surface properties of metals, metal oxides or semiconductors are changed by
the adsorption of molecules. Therefrom, a number of useful applications have
been investigated in the last decades. SAMs can provide customized functional
surfaces, used as catalysts [51], chemical sensors [52], or as substrates for the depo-
sition of various materials, e.g., with modified adhesion and wetting control [53],
or an increased corrosion resistance [54]. They present a possible way of integrat-
ing molecular properties into larger-scale electronics and to fabricate electronic
devices [2,55] with well-defined structural and electrical properties. Additionally,
SAMs themselves are nanostructures with nanoscale dimensions useful in nano-
lithography [56]. Supramolecular assemblies on the other hand can be used to
create nanocavities, to provide well-defined reaction spaces, and they may also
control host-guest chemistry or steer heterogeneous catalysis [5].
The following sections deliver a deeper insight into the kinds of interactions be-
tween the constituents, the preparation processes of SAMs, and the various struc-
tures of self-assembled monolayers.
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5.1 The self-assembly process
The inherent capability of an adequate molecule/substrate system to sponta-
neously generate highly ordered structures on large scales is a fascinating facet
of nature and a complex process. During the self-assembly of organic molecules
on planar substrates, complex hierarchical structures are formed involving mul-
tiple energy scales and multiple degrees of freedom. The geometry arrangement
of organic molecules on a surface is determined in a first level of organization by
the footprint of the molecule. The next nearest neighbor distance of the substrate
atoms in combination with the number of surface atoms which bond to one mole-
cule (see paragraph 5.2) define the geometrical basis. In order to minimize the free
energy of the organic layer, the molecules perform intramolecular conformation
changes such as bond stretches, angle bends, or torsions, which in turn maximize
the lateral interactions (e.g., van der Waals interactions, hydrogen bonds, or elec-
trostatic interactions) in a second level of organization. The surface rearrangement
of the substrate corresponds to a third level of organization. The balance of these
forces determines the specific molecular arrangement, while the driving force is
the minimization of the total energy. A further level of organization is defined by
the terminal functional group of the molecules. Terminal functional groups can
cause the building of molecular networks by interactions with the other terminal
groups in the molecular monolayer and are responsible for the decision if only a
monolayer or multilayers are formed. Figure 5.1 shows a schematic diagram of a
SAM, highlighting the parts which are responsible for an increase of organization.
Figure 5.1: Schematic diagram of a self-assembled monolayer. Highlighted are the
parts which are responsible for organization.
Every step of organization is set by the chosen molecule/substrate combination
but the organization process can be influenced by external process parameters.
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The number of available molecules influences the packing density and thus the
orientation of the molecules on the surface. Few molecules on the surface are ori-
ented predominantly flat-lying on the surface whereas many molecules are oriented
upright on the surface to minimize there molecular footprint. Higher temperatures
increase the mobility of the molecules on the surface and the mobility of substrate
adatoms and enhance the rearrangement process.
5.2 Attaching molecules to the surface
Bare surfaces of metals and metal oxides tend to adsorb organic materials be-
cause the adsorbates lower the free energy of the interface between the respective
material and the ambient environment. The character of the bond between the
adsorbed molecules and the surface determines the interfacial electronic contact
and the strength of the geometric fixation. Two main groups of links between
molecules and solid surfaces can be distinguished: (i) covalent bonds, which re-
sult from the overlap of partially occupied orbitals of interacting atoms; and (ii)
non-covalent bonds, which are based on the electrical properties of the interacting
atoms or molecules.
Planar molecules with extended π-systems, such as benzene, have been found to
physisorb onto surfaces, such as on highly oriented pyrolytic graphite (HOPG),
Au(111), or Cu(110) in a flat-lying geometry. Functional end groups of neigh-
boring molecules can interact with each other easily via hydrogen bonds, van
der Waals forces, metal-ligand interactions or other intermolecular forces. If the
molecules are sufficiently mobile to diffuse on the surface, the intermolecular in-
teractions will guide the adsorbed molecules into two dimensional supramolecular
systems. Then, by adjusting the molecular backbone size and the position or num-
ber of the functional recognition groups, complex supramolecular nanostructures
can be designed [57].
Molecules with a chemical functionality, a so called “head group”, and a specific
affinity for the selected substrate can interact with the substrate via covalent
bonds. Covalent bonds are established if there is a significant overlap of the elec-
tron densities of the molecules and the substrate. This will result in a strong
electronic and structural coupling. A large number of head groups exists, which
bind to specific substrates forming directed covalent links. The most investigated
covalent link is the bond between a thiol head group on the molecular side and
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a gold substrate [58, 59]. Here, gold is favorable due to its proper non-oxidizing
surface, but other metals are investigated like Ag [60], Pd [61], Hg [62], Cu [63]
as well as semiconductor surfaces like Ge [64]. Besides the prominent thiolates,
other functional molecules, such as alcohols (R-OH) or acids (R-COOH), have
been demonstrated to form organized monolayers on metals or metal oxide sur-
faces, such as Al2O3, TiO2 or CuO. The quantity of possible molecule/metal com-
binations is enormous due to the ongoing improvements in chemical synthesis.
Thus, the selection of a special molecule/metal system for (electronic) investiga-
tion should be coupled to application ideas.
The head group defines the bonding side of the molecule but non-covalent interac-
tions between the molecules can additionally influence the self-assembly process.
π − π interactions between phenyl rings for example can promote the building
of molecular rows whereas interactions between molecules with electron donating
groups anticipate the building of close-packed structures.
5.3 Preparation of self-assembled monolayers
The process of molecular self-assembly requires planar, clean substrate surfaces be-
cause step edges, defect sites or foreign atoms inhibit adsorption and organization.
Thus, the preparation of self-assembled monolayers starts with the choice of the
substrate form. If SAMs should be used as etch resists, protection layers or chem-
ical sensors, the use of polycrystalline thin films as substrates is preferred because
the quality is sufficient and the production costs are relatively low. Polycrys-
talline thin films can be grown on different templates such as silicon wafers, glass,
or mica by chemical vapor deposition (CVD), physical vapor deposition (PVD),
or electrodeposition. Dependent on the template/substrate material combination
surfaces with a grain size up to several micrometers and a surface roughness of a
few nanometers are possible [65]. Other applications of SAMs, for example special
electronic components, need monocrystalline, structured surfaces so an epitaxial
growth of the atomic layers is necessary. Monocrystalline thin films can be grown
epitaxially if the template and the film material have a similar crystal unit cell.
Gold films for example grow epitaxially on freshly cleaved mica with a strongly ori-
ented (111) texture on the (100) surface of mica. These films are usually prepared
by thermal evaporation and a RMS roughness in the range of sub-nanometer over
an area of several micrometers can be achieved [66]. If the characteristics of the
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SAMs themselves should be studied in detail, such as the organization process,
the resulting structure, or electronic properties, oriented single crystal surfaces
are required as substrates. Single crystal substrates provide the highest quality
with respect to surface roughness, orientation, and cleanliness.
SAMs can be prepared in two different ways. The first possibility is the deposition
out of solution. For this purpose the molecules are dissolved in an adequate sol-
vent. Typical concentrations are in the range between micro- and millimol/l. The
clean substrate is dipped into this solution for times between seconds and days,
depending on the required surface coverage. A dense molecular layer is built when
the molecular film and the solution reach equilibrium conditions. Annealing of the
solution causes also a change in the layer by increasing the mobility of the mole-
cules. Furthermore, heating can cause a diffusion of defects and vacancy islands
towards step edges where they annihilate. Self-assembled monolayers of thiols on
gold are prepared for example in this way [67]. The preparation out of solution
is easy and cheap but not realizable for all substrate/molecule combinations. The
substrates have to be clean and the substrate surface should stay adsorbate free
at atmosphere. The solution has to be chemically pure and should not participate
in the reaction process. Furthermore, the system has to be chemically resistant
against the atmospheric environment (e.g., oxygen or water).
The second way to deposit molecules onto a substrate is gas-phase deposition.
For this procedure, UHV systems with base pressures in the range of 10−5 to
10−10mbar are used. In the case of organic molecules the deposition is done by
sublimating them out of a crucible. In order to obtain a reproducible molecular
flux and a collimated beam, a closed volume with only a small hole, as provided
by a Knudsen cell, is typically used. Heating is necessary for many molecules
because usually their vapor pressure is to low at room temperature. Heating,
on the other hand, can also destroy the molecules. Evaporation has thus to be
carried out at low deposition rates in order to keep the evaporation temperature
low. The surface coverage and structure can be influenced by the exposure time,
the pressure, and the temperature of molecules and substrate. Because of the
vacuum environment gas-phase deposition allows to prepare SAMs on substrates
like copper, which would oxidize on atmosphere [68]. Besides this, SAMs prepared
in gas-phase have in general a higher uniformity and thus gas-phase deposition is
often preferred although deposition from solution is easier and the equipment is
more simple.
Furthermore, it is possible to prepare SAMs with more than one chemical com-
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ponent. This so called “Mixed SAMs” can be created in several ways, one way
is coadsorption containing mixtures of the molecules, and results in mixtures of
molecular structures. This process allows the formation of SAMs with widely vary-
ing compositions and physical properties [69]. The other way to process mixed
SAMs is a two-step process which begins with a full coverage monolayer of one
chemical component which acts as a host matrix. In a second step the other
chemical component is deposited. Insertion of these “guest-molecules” takes place
preferentially at defect sites of the host-matrix. Depending on the chosen molecule
combination and the deposition conditions single inserted molecules, bundles, or
inserted domains are possible. The big advantage of this second method is that
a detailed topographical and electronic analysis of a new molecular species in
reference to a known molecular system is possible [38].
5.4 Structure of self-assembled monolayers
Many different thin film characterization techniques have been applied to investi-
gate self-assembled monolayers. Mainly spectroscopic methods like optical ellip-
sometry, reflectance absorption infrared spectroscopy (RAIRS), X-ray photoelec-
tron spectroscopy (XPS), low-energy electron diffraction (LEED), high-resolution
electron energy loss spectroscopy (HREELS) and near edge X-ray absorption fine
structure spectroscopy (NEXAFS) are used. In addition, an increased under-
standing of the SAM structures has been achieved by high-resolution topography
methods such as scanning probe microscopy (SPM). Generally, due to the sensi-
tivity to different features of the structure and the different averaging behavior,
in order to obtain a complete picture of the molecule/metal system under investi-
gation the use of several complementary methods is desirable. To get an overview
of the large number of existing molecule/substrate systems which have been used
to form SAMs, they are classified by the pair of chemisorbed head group of the
molecule and the substrate (while the rest of the molecule can be almost freely
chosen). The following paragraphs give an overview on two molecule/substrate
systems, namely the thiol/gold system and the carboxylate/copper system. Alka-
nethiols (R-SH) on Au(111) are probably the most studied and best understood
SAM system and, therefore, it is used as reference for many other systems. Carbo-
xylic acids (R-COOH) on Cu(110) surfaces are a relatively seldom studied system
up to now but it shows a high potential regarding future applications.
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5.4.1 Organothiols on gold
For low coverages, the alkanethiols move freely on the surface and are described
as a liquid phase (Fig. 5.2(a,b)). With increasing number, the molecules exist
as “lying-down” species on the substrate surface (Fig. 5.2(c)) and form ordered
domains with a characteristic striped structure. Upon further deposition, island
of standing molecules are formed until at saturation a full-coverage monolayer
is achieved (Fig. 5.2(d,e)). Due to the chemically passive alkane tail-group the
monolayer growth is self-terminating and additionally adsorbed molecules can be
easily removed by rinsing with a solvent or thermal desorption. Thus, the forma-
tion of bi-layers or adsorbates on the monolayers can be excluded. The monolayer
formation is driven by van der Waals interactions between adjacent molecules and
the strength of the interactions is proportional to the alkyl chain length, being
responsible for the degree of order in the SAM. Alkanethiols adsorb under depro-
tonation as thiolates (R-S−) with the sulfur as binding partner of the gold. The
formed Au-S bond is covalent and has a strength of approximately 200 kJ/mol.
(a) (b) (c) (d) (e)
Figure 5.2: Evolution of a thin film, from the clean substrate (a) via intermediate
phases (b-d) to a full-coverage self-assembled monolayer (e).
Throughout their growth process, alkanethiols on Au(111) exhibit a rich vari-
ety of structures before converging to the densely packed high-coverage structure
of the complete monolayer. It is well established that the lowest-energy config-
uration consists of molecules ordered in a close-packed (
√
3×√3)R30 ◦ lattice
commensurate with the underlying surface. Optimal packing of the n-alkane com-
ponent of the SAM is achieved by tilting the molecular axis with respect to the
surface normal by ≈ 30◦. The hydrogens are in all-trans configuration. This
phase yields the highest molecular density with a molecular footprint of exactly
0.216 nm2/molecule [59, 70–72] and may appear modulated by a c(4× 2) super-
structure [73–75]. It is characterized by a systematic arrangement of molecules
showing distinct height differences [75]. Six slightly different c(4× 2) superstruc-
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tures with the same unit cell but different height distributions were observed fre-
quently with STM and AFM, see Fig. 5.3. The height differences in the STM im-
ages are believed to be due to different conformations of the alkanes. Liu et al. [76]
proposed a new mechanism for the height modulations being caused by different
local density of states within the unit cell originating from changing hybridiza-
tion of the sulfur bonding orbitals. Furthermore, they show that they can switch
reversibly between the different structures by bias modulation. SAMs with these
close-packed superstructures show a surface texture with rotational and transla-
tional domain boundaries, etch pits emerging during the assembly process, and
surface features of the underlying gold substrate, like atomic terrace steps. Etch-
pits represent one atom deep depressions in the underlying gold surface caused by
lifting the herringbone surface reconstruction of the gold surface upon chemisorp-
tion of the thiols [77, 78]. Immediately after deposition the vacancy islands exist
in a large number and have small dimensions, whereas upon annealing or with
time they coalesce into larger depressions or fuse with terrace steps [74].
(a) α-phase (b) β-phase (c) γ-phase (d) δ-phase
(e) 	-phase (f) ζ-phase
Figure 5.3: Schematics of the different c(4× 2) supercells of alkanethiols on Au(111)
by [75]. Gray shaped molecules appear lower in STM.
The striped patterns obtained at low coverage are generally denoted as (p×√3)
structures, where p is the stripe separation and
√
3 the spacing within the stripes
in units of the Au(111) lattice parameter or nearest neighbor distance (NN). The
configuration with the lowest reported molecular surface density consists of fully
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stretched molecules arranged in rows parallel to the next nearest neighbor (NNN)
or [112¯] direction of the substrate. The distance between rows consisting of two
alkane chains with head groups “faced” to each other is approximately twice the
length of the molecule [79–81]. Increasing the coverage leads to the formation of
denser striped phases with lower inter row distances. For these striped phases
where the periodicity is lower than twice the chain length conflicting models have
been proposed. These models can be classified into two categories: those where
the molecules lie in a prone position, and those where the alkanethiols are in a
standing-up configuration. Today, the accuracy of height measurements, by e.g.,
UHV-STM, allows to differentiate between lying and standing molecules. Munuera
et al. [81] describe the differences in height distributions for various denser packed
striped structures in great detail.
Beside the intensively reported investigations on the alkanethiol system, slightly
different systems like dialkyl disulfides and dialkyl sulfides are also reported in
literature. Dialkyl disulfides were investigated on Au(111) surfaces and it is gen-
erally believed that adsorption of dialkyl disulfide on gold occurs via S-S bond
cleavage. Therefore, dialkyl disulfides form identical SAMs on gold as alkanethi-
ols, consisting of gold-bound thiolates [82, 83]. On the other hand, most stud-
ies concerning the SAMs formed from dialkyl sulfides show significantly different
monolayer properties such as less dense packing, order, and lower film thickness
than those prepared from alkanethiols and dialkyl disulfides. While first investiga-
tions pointed out that the adsorption of dialkyl sulfides on gold undergoes a C-S
bond cleavage [84] newer investigations show evidence for the intact adsorption of
the molecules without a C-S bond cleavage. Beside STM investigations, XPS and
SIMS (Secondary ion mass spectrometry) investigations were considered to prove
the intact adsorption of dialkyl sulfides on gold [83,85,86]. J. Noh and coworkers
give in [85] a detailed description of surface structures consisting of lying-down
and standing-up dialkyl sulfide molecules.
5.4.2 Carboxylates on copper
Compared to the extensive studies of organothiols on gold surfaces, very few in-
vestigations have been undertaken to study the self-assembly process of carboxylic
acids on metal surfaces. The carboxylate group is capable of forming strong bonds
to different metals like copper, nickel, palladium or platinum. The topographical
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structures of simple carboxylic acids (functional group COOH) such as formic and
acetic acid have been the subject of earlier work and have been reviewed by Net-
zer [87]. The topographical structure of small tartaric acid molecule is reported as
well as that of benzoic acid and thiophene carboxylic acid by Barlow [51]. During
the adsorption process of carboxylic acids onto copper surfaces the acid group is
deprotonated. Both oxygen atoms of the carboxylate group bind chemically to
the copper surface, forming an equidistant and rigid adsorption geometry. Nei-
ther RAIRS nor HREELS investigations show signals related to C=O or COOH
but signals related to the carboxylate ion COO−, so a deprotonated carboxylic
group with a delocalized electron pair is assumed. In contrast to the thiol-sulfur
bond, the chemisorbed carboxylate moiety is then attached to the surface with
two points and a free tilting and turning of the molecule to form an energetically
optimal monolayer is restricted. Only one degree of freedom for tilting or rotation
around the σ-bond between phenyl ring and COOH group exists, for example for
benzoic acid. The adsorption sites of the Cu(110) surface closely match the dis-
tance between the two oxygen atoms of the carboxyl moiety and the special striped
structure of Cu(110) builds a template for the self-assembly process. Thus, the
Cu(110) surface represent an ideal surface for self-assembly. The phenyl ring as
central moiety for carboxylic acids has a delocalized π-system and can in principle
interact with the neighboring molecules via π-π interactions. Benzoic acid is the
simplest carboxylate with a ring unit and the self-assembly process, investigated
by Frederick et all. [68], is used as a proof of concept for the in-vacuo processing of
monolayers before investigating other carboxylic acids. For increasing coverages,
ordered domains of different structures including lying-down and standing-up mo-
lecules evolve from disordered regions [51, 68].
The formation of ordered monolayers is strongly dependent on the deposition
temperature, since the deprotonation of the carboxylate moiety occurs only above
119K [88]. Below 200K, multilayer formation occurs for higher coverages, since
additional benzoic acid molecules will not be desorbed. Above 580K, the chemi-
sorbed monolayer of benzoates becomes unstable. For temperatures between 200K
and 580K the SAM of the benzoates undergoes structural changes in dependence
of surface coverage. For low coverages the benzoates lie flat on the surface and
with increasing coverage ordered domains of lying benzoates are formed, denoted
as α-phase. The α-phase consists of four lying-down molecules per unit cell
with an optional standing benzoate in the center. This structure is stabilized
by the formation of benzoate-dimers by including two surface adatoms per two
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benzoates [68, 89]. Upon further deposition, a β-phase is formed, consisting of
dimer rows and including more standing-up benzoates [68]. For the phase with
highest coverage a c(8 × 2) surface order is observed as the dominant phase by
STM and LEED [68, 90]. For those layers both oxygen atoms of the carboxylate
group are chemisorbed on short bridge sites of the outermost copper layer, form-
ing rows in [001]-direction of the surface with a packing density of one benzoate
molecule per four outermost copper surface atoms. The phenyl rings of the mole-
cules are arranged in the same plane as the carboxylate moiety, perpendicular to
the surface.
Figure 5.4: Phase diagram of benzoic acid on Cu(110).
Recently we found a closer packed structure appearing after heating samples, with
high molecular coverage, close to the desorption point of the benzoate species.
At temperatures around 590K parts of clean copper arise due to desorption of
molecules from the surface and, furthermore, the high temperature elevates the
mobility of the molecules on the surface enabling the remaining molecules to form
this new structure. The structure can be described by a (1 1;-4 2) unit cell with
two molecules in the unit cell. It is stabilized by copper adatoms which are present
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on the Cu(110) surface even at room temperature [21, 68]. The various forms of
benzoic acid seen on Cu(110) are compiled in the phase diagram shown in Fig. 5.4,
constructed from the results presented in the above mentioned references, collected
by Barlow and Ravel [51]. This is a modified version including the close-packed
molecular phase appearing at high temperatures.
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Various metallic, semi-conducting and insulating thin films, and single crystals
were investigated in the last years as substrates for molecular electronic [51,58,91,
92]. High demands are made on these substrates. The substrate has to work as
template for molecular assembly and additionally it has to work as continuously
conducting bottom electrode. To generate highly ordered molecular structures on
a large scale the surface lattice and the superstructure of the substrate material
need to be comparable to ensure commensurable monolayer. A high binding en-
ergy between molecule and substrate material and a low energy barrier between
adjacent binding sites promotes the regular film growth, by increasing the sur-
face mobility of the molecules during the adsorption process. Furthermore, for
low energy barrier surfaces the number of adatoms on the surface is higher and
this promotes the ordered self-assembly of molecules [93, 94]. The substrate sur-
faces have to be adsorbate free, defect free, and atomically flat showing only large
scale terraces. For STM investigations the aspect of substrate cleanliness and
flatness gets even more important. STM needs a continuously conducting bottom
electrode material with a RMS surface roughness in the range of the height of a
single atomic step. Nonconducting areas as well as height differences can cause
tip crashes during scanning.
Gold thin film surfaces, especially (111)-oriented gold surface, became the most
investigated substrates and in this way a standard for molecular investigations
because they have a high surface quality, are cheap and available in large quanti-
ties. Taking an applications of molecular electronics in combination with common
standard materials in semiconductor industry into account other materials than
gold become favorable. Copper for example is already integrated into the silicon
based technology. Another approach is to make use of the semiconductor mate-
rials used in industry, for example germanium, and take them as substrates for
molecular self-assembly.
Beside the question of the right material the surface orientation is also an impor-
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tant point. Depending on the molecular system or desired applications different
surface morphologies can be favorable. It was the ambition of initial experiments
with self-assembled monolayers to fabricate surfaces with a homogeneous molecule
coverage and the aim was to create absolutely homogeneous and flat monolayers.
Therefore, flat surface morphologies were needed, for example the Au(111) sur-
face. During the last years various concepts to built up a molecular device were
developed and structuring of the surfaces becomes interesting. Structured sur-
faces, like the Cu(110) surface, can act as template for an aligned self-assembly of
molecules. Carboxylates on Cu(110) surfaces are one example for such an aligned
SAM growth on a template. Nanowires on a flat surface can also be used as
template besides the fact that they can act as interconnects between nanoscale
devices. Nanowires can be produced also by self-assembly on semi-conducting
materials, for example one-dimensional atomic chains of Pt or Au on Ge(001)
substrates [95].
In this thesis gold (111)-oriented thin films, copper (110)-oriented single crystals,
and copper thin films are studied. Furthermore, germanium in (001)-orientation
covered with platinum nanowires is used as substrate for molecular self-assembly.
6.1 The standard substrate: Au(111) thin films
deposited on mica
The crystal structure of gold is face centered cubic (fcc) with a lattice constant
of acrystal = 0.408 nm. The (111)-oriented surface of the hexagonal close packed
(hcp) lattice has an in-plane vector of a = 0.286 nm and an out-of-plane lattice
vector of b = 0.24 nm. Single gold crystals would be the best available template
for molecular growth but the cleaning process is cost and time consuming so they
are commonly not used. In contrast, crystalline gold thin films can be prepared
by evaporation on various templates with a reasonable effort in large quantities
and are much easier to handle than single crystals. Crystalline gold thin films can
be fabricated by evaporation of gold on mica [96], on silicon [97], or on glass [98].
Mica, a natural mineral (Muscovite: KAl2[(OH)2|AlSi3O10]), was used as template
for gold growth for all samples shown in this thesis. Mica crystals consist of thin
sheets and can by cleaved easily along the (001)-plane. The cleaved surface is
clean, defect free and atomically flat. The surface is dominated by oxygen atoms
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of the silicate. The distance between the oxygen atoms in the crystal lattice is
around 0.26 nm, which promotes (111)-oriented epitaxial growth of gold [99].
Figure 6.1: STM topography scan of an Au(111) thin film on mica. (a) General survey
of 125× 125 nm2 size, showing gold terraces with a height difference of one atom. (b)
High resolution scan of the Au(111) (23×√3) herringbone reconstruction, schematically
shown in (c). A line profile (d) identifies the different parts of the unit cell in great detail
and fcc and hcp regions are marked in the STM scan. (e) High resolution scan of the
reconstruction with single gold atoms on the surface.
Ultra-clean muscovite mica was bought from Plano GmbH and the gold films
were prepared in a three step evaporation process as described in great detail
in [66, 100, 101]. After evaporation and annealing the substrates were trans-
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ferred directly into the UHV-STM system or stored in N,N-dimethylformamide
(C3H7NO, DMF). This solvent is suitable for gold sample storage because it does
not react with mica or gold.
The crystallinity and the cleanliness of the samples was verified by STM measure-
ments. Figure 6.1(a) shows a constant-current STM image of a typical patch of
the clean, crystalline, (111)-oriented gold surface. The surface is dominated by
atomically flat terraces with monoatomic steps of 0.24 nm height, along the [01¯1]-,
[1¯10]- or [011¯]-directions of the surface. Zooming in and scanning one terrace in
more detail shows series of parallel double lines, forming a zigzag pattern with
120 ◦ angles (Fig. 6.1(b)). This pattern is the characteristic reconstruction of the
Au(111) surfaces and can be described with a unit cell of (23×√3). It is caused
by a stress-induced surface contraction along the [11¯0]-direction, see Fig. 6.1(c),
and leads to an extra surface atom per 22 regular surface atoms. In one part of the
reconstruction unit cell, the surface atoms occupy hexagonal close packed (hcp)
sites, while in the adjacent part, they occupy face centered cubic (fcc) sites. The
hcp region has a width of 0.25 nm and is noticeably narrower than the 0.38 nm
wide fcc region. The consistently alternating of hcp and fcc regions can be dis-
played by the line profile of Fig. 6.1(d). Also visible here are the 0.02 nm high
domain walls formed by surface atoms occupying bridge sites between the fcc and
hcp regions. This so called herringbone structure is described in literature [77,102]
and characterized by topographical STM investigations here to get a defined start-
ing point for molecular investigations. Figure 6.1(e) shows a high resolution STM
image were single gold atoms on the surface can be distinguished.
Characteristic for the density of the electronic states on the clean Au (111) surface
is a Shockley-type surface state having a band onset at ≈ −0.4 eV. Furthermore,
an increase in the density of states is visible below −1 eV corresponding to the L2
band edge of gold [103,104]. The dI/dV spectrum with its characteristic features
appearing between ±1 eV is plotted in Fig. 6.2. W. Chen and coworkers had
shown here that a negligible difference exists between spectra taken at hcp and
fcc regions [104].
6.2 An alternative metal substrate: Cu(110)
Copper metal substrates are considered to be an interesting alternative to the
commonly used gold substrates. Copper surfaces work as templates for the self-
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Figure 6.2: (a) Average dI/dV spectra taken with the STM tip held over a hcp re-
gion and a fcc region of the Au(111) reconstruction. (b) The difference plot shows no
significant variation between the hcp and fcc spectra. Figure taken from [104].
assembly of molecules but it has to be taken into account that copper oxidizes upon
contact with atmosphere and that oxygen can inhibit the self-assembly process of
molecules. Hence copper surfaces have to be cleaned under vacuum conditions
before molecule deposition. So a sputter cleaning and annealing process has to
be developed based on literature data [68]. The process details are described in
the next section. Within the framework of this thesis especially (110)-oriented
copper surface were investigated. The Cu(110) surface is a textured surface which
allows to assemble molecules with a preferred alignment. Single crystals were
used here for investigations because the clean substrates must be stored under
vacuum conditions. The handling of single crystals and thin films is in this case
the same. Besides this textured surface, copper thin films were investigated within
the framework of a project which deals with the combination of current CMOS
technology and molecular electronics.
6.2.1 Single crystals
The crystal structure of copper is fcc with a lattice constant of acrystal = 0.3615 nm.
The (110)-oriented surface is one diagonal plane of the crystal unit cell and shows
a striped pattern. The pattern originates from the packing density of the fcc lat-
tice. The higher surface atoms form rows in [11¯0]-direction with an interatomic
distance of a = acrystal/
√
2 = 0.2556 nm. The distance in [001]-direction between
the rows is b = acrystal = 0.3615 nm. A schematic of the (110)-oriented surface is
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shown in Fig. 6.3(a). The step height of the surface terraces is h = 0.1278 nm.
Figure 6.3: (a) Schematic drawing of the Cu(110) surface structure. The unit cell
vectors are a = 0.2556 nm in [11¯0]-direction (along the atom rows) and b = 0.3615 nm
in [001]-direction. (b) General survey STM scan of 400× 400 nm2 size, showing copper
terraces with a height difference of one atomic layer. A line profile (c) out of scan (b)
can identify the terrace height of exact one atomic copper layer. (d) STM scan of the
Cu(110) unit cell in atomic resolution.
Copper single crystals were bought from MaTecK GmbH with a roughness depth
of < 0.03μm and an orientation accuracy of < 0.1 ◦. Further cleaning and pla-
narization was done in a UHV system. The single crystal samples were cleaned
by repeated cycles of Ar+-ion bombardment and annealing. The parameters for
copper crystal preparation can be found in literature, for example in [68], but they
have to be readjusted for every facility. Several parameters were tested regarding
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sputter pressure, energy and time as well as regarding heating temperature and
time. The cleaned samples were investigated with XPS/AES, LEED, and STM
methods.
The adsorption behavior of the clean copper surface in vacuum was studied by
XPS [105, 106]. For XPS measurements the crystal was Ar+-sputtered and an-
nealed and the type and amount of adsorbates depending on the vacuum pressure
and storage time were monitored. The results of these measurements can be found
in [101, 107]. The measurements indicate that great care must be taken while
handling the copper substrates. Handling at 10−9mbar during an experiment is
considered safe in terms of oxygen adsorption, whereas for higher pressures the
surface is quickly covered by oxygen.
Auger electron spectroscopy (AES) [105, 108] was used after every cycle of Ar+-
sputtering to find out how many cycles of sputtering are sufficient to get an ad-
sorbate free surface. The measurements were performed with an Omicron AES-
spectrometer. Figure 6.4 shows one AES spectrum before (a) and one spectrum
after (b) several cleaning cycles. The first spectrum shows the Auger peaks of
copper but also peaks of the adsorbates argon, nitrogen, and oxygen whereas the
second spectrum shows only the copper peaks. This shows that our cleaning cycles
remove the adsorbates from the surface.
(a) (b)
Figure 6.4: (a) AES spectrum of a copper single crystal surface before sputter cleaning.
The spectrum shows beside the Auger peaks of copper also peaks which can be related
to argon (Ar), nitrogen (N) and oxygen (O). (b) AES spectrum of the same crystal after
several cleaning cycles. Now only the Auger peaks of Cu are detected.
To prove the crystallinity and orientation of the copper surface after the cleaning
process (sputtering and heating) the samples were verified by low energy electron
diffraction (LEED) [108]. The measurements were performed with an Omicron
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LEED-spectrometer. After the first cleaning cycle the LEED spectrum shows
blurry features related to the copper pattern and additional spots which can be
related to oxygen on the surface. With proceeding cleaning cycles the features of
the copper pattern get sharper and the additional spots disappear. This means
that adsorbates are efficiently removed by sputtering and that the surface is reor-
ganized after sputtering through adequate heating. The LEED pattern of a clean,
crystalline Cu(110) surface is shown in Fig. 6.5(a). For comparison Fig. 6.5(b)
shows LEED pattern of the clean Cu(110) surface and with 1L oxygen coverage
on Cu(110), observed by [109].
(a) (b)
Figure 6.5: (a) LEED pattern of the clean Cu(110) observed at 64.8 keV after several
cleaning cycles. For comparison (b) shows a LEED pattern of the clean Cu(110) surface
(1) and one with 1L oxygen coverage (2), observed by L.D. Sun [109].
Additionally, the Cu(110) surfaces were characterized by STM to optimize the
cleaning cycles with respect to the surface morphology. A general survey STM
scan of 400× 400 nm2 size monitoring the clean, crystalline, (110)-oriented cop-
per surface is shown in Fig. 6.3(b). The surface is dominated by atomically flat
terraces with a monoatomic step height of 0.13 nm (Fig. 6.3(c)). Scanning the
surface with high resolution (Fig. 6.3(d)) shows the above mentioned rows and
the expected unit cell size of a = 0.25 nm and b = 0.36 nm.
The procedure for cleaning the samples consists finally of four cycles with the
parameters described in table 6.1. Longer or stronger sputtering results in larger
terraces, but induces more defects [110], which can be difficult to remove by heat-
ing. During annealing similar considerations have to be taken into account. Mod-
erate heating heals defects and adsorbates, but stronger heating causes diffusion
of buried impurities and defects to the surface. If the temperature exceeds the
thermal roughening temperature (TR ∼ 1030K), a complete reorganization of the
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surface occurs and a stepped morphology evolves [111].
(a) Argon-ion sputtering:
Energy Focus Pressure Time
3.0 keV 2.4 keV 1.0 · 10−5mbar 30min
(b) Heating:
Temperature Pressure Time
860K 2.0 · 10−9mbar 60min
Table 6.1: Parameters for copper single crystal cleaning.
This cleaning process is further used for samples which were placed for a longer
time at atmosphere, to remove oxygen adsorbates (compare Fig. 6.6) after a longer
time of storage in vacuum or to remove molecules after investigation.
Figure 6.6: High resolution STM topography scan of a Cu(110) surface with a sub-
monolayer oxygen coverage. The copper rows are visible in the background and single
oxygen dimers (O2) adsorbed on top. The dimers adsorb in between the copper rows
and with further exposure they form rows perpendicular to the copper rows.
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6.2.2 Thin films
Copper thin films offer in principle an alternative to the copper single crystals.
Especially for applications they are important because they are cheaper than sin-
gle crystals. Copper thin films can be grown on various substrates and in different
orientations [65, 112, 113]. Copper thin films on silicon oxide (SiO2) and silicon
nitride (Si3N4) are relatively easy to fabricate by deposition and show a prefer-
ential growth with {111}-texture. Up to now, not many investigations were done
on the fabrication of thin films with {110}-texture. Reported in literature are
investigations to grow Cu(110), e.g., on molybdenum with (110)-orientation [114]
but this procedure is also very cost intensive. Platzman and coworkers recently
presented that it is possible to create polycrystalline copper thin films with a mor-
phology good enough to deposit molecules (terephthalic acid) on top [65]. These
investigations on tantalum nitride (TaN) are comparable with our investigations
on SiO2 and Si3N4 taking into account that we were not able to heat the samples
after deposition.
Figure 6.7: AFM scan of 0.5μm× 0.5μm size showing the surface of a 20 nm thick Cu
thin film surface. The film is deposited on SiO2. Many grains with different sizes are
visible with an average grain size of 60 nm× 60 nm. The inset shows the 3D image of
the same surface and the depth of the crevices gets visible.
The dependence of the properties of the thin Cu films on the deposition method
(thermal evaporation, electron beam evaporation, and sputter deposition), on the
film thickness (20-200 nm), the substrate type, and the cleaning conditions was
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investigated. Without an additional annealing step after deposition we could
fabricate thin films by sputter deposition (deposition rate: 1.7 nm/s) with a grain
size of around 60 nm× 60 nm separated by crevices of less than one nanometer
and a RMS roughness of 0.3 nm for 0.5μm× 0.5μm areas. This is comparable
to the results of Ref. [65] which present these values after annealing. Figure 6.7
shows an AFM (Atomic Force Microscopy) image of a 20 nm thick copper thin
film surface deposited with sputter deposition on a SiO2 template. Many grains
with different sizes are visible but the average grain size is 60 nm× 60 nm and the
RMS roughness is only 0.3 nm. The inset shows the 3D image of the same surface
and the depth of the crevices gets visible (less than 2 nm).
6.3 From conducting to semi-conducting substrates:
Pt NW´s on Ge(001)
An alternative approach to assemble molecules with a preferred alignment besides
the use of structured crystal surfaces, like the Cu(110) surface, is to use nanowires
as template. Pt nanowires grow on Ge(001) surfaces with a cross section of one
atom, with a straight alignment, and without defects.
Atomically clean Ge(001) surfaces exhibit a well ordered (2×1)/c(4×2) domain
structure [115]. Figure 6.8(a) shows a STM image of a clean dimer reconstructed
Ge(001) surface observed by A. Houselt [95]. The dimer rows in the c(4×2)
domains have a zigzag appearance, the other dimer rows have a symmetric ap-
pearance and consist of dimers that rapidly flip-flop between their buckled config-
urations [116, 117]. Pt was deposited at room temperature (0.2-0.3 monolayers)
and initially intermixes with the bulk, but upon a high temperature annealing
treatment (1050(±25)K) the Pt comes up to the surface and builds Pt dimers.
Upon reaching a critical coverage of Pt dimers they spontaneously form an atomic
Pt chain in between the substrate dimer rows. After deposition of Pt onto the
surface and subsequent annealing, two different types of terraces are formed on the
Ge(001) surface, so called α- and β-terraces [92]. The α-terraces have symmetric
and asymmetric Ge dimers and are similar to the normal dimer reconstructed
Ge(001) terraces [118]. A STM image of such a terrace is shown in Fig. 6.8(b).
The β-terraces are also dimer terminated but the termination consists of an or-
dered array of dimers. The atomic structure of the β-terrace is discussed in great
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detail in [95] and shown in Fig. 6.8(c). Important for further studies is that the
β-terraces have dimer vacancy lines which do not exist on bare Ge(001) surfaces
and on the α-terraces. Pt nanowires can only be observed on these β-terraces.
Figure 6.8: (a) STM image of the clean Ge(001) surface prior the Pt deposition. The
dimer rows that have a zigzag appearance show the c(4×2) reconstruction. At the
center of the image the dimer rows have a (2×1) reconstruction. (b) STM image of
an α-terrace and (c) of a β-terrace after Pt deposition on Ge(001) and annealing. The
images are taken fom [95,117] and accordingly from [119].
The cleaning of the Ge(001) substrates, the deposition of the Pt and a first STM
observation of every sample was done in the group of Prof. H.J.W. Zandvliet at the
University Twente, the Netherlands. Than, the samples were covered with some
monolayers of oxygen as capping layer for transport. With this the samples could
be transported without vacuum environment. For molecular assembly investiga-
tions the samples were mounted and transferred into our UHV-STM system. The
capping layer of oxygen was removed with a high temperature annealing treat-
ment (around 900K) and with this Pt atoms from the bulk pop-up as Pt dimers
again and form Pt nanowires. Interestingly, in all investigations only β-terraces
were found after oxygen removal. A STM image of the typical topography with
Ge(001) terraces covered with Pt nanowires after oxygen removal is shown in Fig.
6.9(a).
The surfaces were investigated in great detail before molecular self-assembly. Fig-
ure 6.9 shows, therefore, not only a STM overview image of 68×48 nm2 size with
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Figure 6.9: (a) STM image (68× 48 nm2, VSet = 1.2V and ISet = 1.07 nA, T=293K)
of a Ge(001) surface covered with Pt chains. Only β-terraces with chain coverage are
detectable. The chains are close packed and only in the lower left part of the image
large inter-chain distances are visible. The STM scan (b) shows a Ge terrace partly
filled with chains. These detailed images are used for distance measurements. Line
profiles (c) show the distance and the heights in the chains (green) and between them
(blue). Image (d) is a part scan of figure part (b) in high atomic resolution. Here the
Pt dimer position on the underlying substrate is identified as an intermediate position
between the Ge dimer rows.
β-terraces covered with Pt nanowires (a) but also line scans over the Pt wires (c)
and a high resolution scan of a patch of atomic Pt chains (d). Observations show
that the Pt chain length is only limited by the terrace size of the Ge surface and
the chains are closely packed (a). The chains have a cross section of one atom
and are kinkless and defect free. Furthermore, the chains are located between the
substrate dimer rows, visible on the left side of figure part (b). High resolution
scans like (b) are the basis for line profiles (c) which give information about the
distances between the scanned features. The inter-chain distance is found to be
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mostly 1.6 nm, also spaces of 2.4 nm (lower left side of Fig. 6.9(a)) and sometimes
3.2 nm etc. are found. The Pt dimers in neighboring (1.6 nm) rows are in-registry
with each other while they are out of registry for 2.4 nm row distances. The Pt
dimers have a distance of about 0.8 nm between each other. In STM scans with
high atomic resolution, like in Fig. 6.9(d), for example the structure of the ger-
manium dimers underneath the Pt dimers gets visible after removing on Pt dimer
with the STM tip. Further descriptions and explanations of the system can be
found in the PhD thesis of Houselt [95].
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Carboxylates on copper surfaces and especially on Cu(110) surfaces constitute a
promising metal electrode/molecule system for future applications, irrespective of
the final circuit design. This is based on the fact that copper is a material already
integrated in semiconductor industry processes or in catalytic processes and also
on the idea that a metal substrate and the corresponding molecules themselves
should be able to design the structure wanted for application. Here, the focus is
set on close-packed structures, i.e., many addressable molecules per area and less
degrees of freedom for every single molecule. If a structured metal is chosen as
surface for the self-assembly, the motion of molecules on the surface is restricted
and the adsorption energies are site specific. The Cu(110) surface has a row pat-
tern, as shown in section 6.2, and therewith molecules will preferentially adsorb in
between the rows or on top of the rows. Previous investigations have shown that
carboxylic acids chemically bind with both oxygen atoms to two copper atoms on
top of one row [51,68,90]. In the case of carboxylic acids with a π-conjugated ring
system, like benzenecarboxylic acid, a further orientation of the system is given
through the intermolecular interactions during self-assembly such that all mole-
cules are oriented in the same direction. In the ideal case, the surface is covered
with close-packed molecular rows without domain boundaries. Depending on the
substituents of the carboxylic acid this homogeneous layer can act as part of an
electronic device due to the different transport paths through the molecules per-
pendicular to the aromatic ring plane or through the backbone of the molecule.
Choosing simple carboxylic acids for the layer it can act as matrix for the inser-
tion of functional molecules, e.g., redox-active molecules, which can be precisely
addressed.
Till now, only few structure investigations are done on close-packed carboxylate
molecules on the Cu(110) surfaces and this chapter will give insights into the elec-
tronic transport properties for the first time. A series of carboxylic acids was inves-
tigated by distance dependent current-voltage spectroscopy and current-distance
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spectroscopy. The results will be interpreted in view of electronic transport prop-
erties and will be compared to data from literature on comparable systems, e.g.,
π-conjugated thiols on Au(111) [27]. Additionally, the experimental results will be
compared to ab initio calculations based on DFT, as roughly described in chapter
4. This theoretical work was done by N. Atodiresei and V. Caciuc at the Institute
for Advanced Simulation (Quantum Theory of Materials) at the Forschungszen-
trum Ju¨lich GmbH. Previous work on the structure of benzenecarboxylic acids on
Cu(110) [21] has shown that these precise theoretic calculations help to explain
experimental data and allow a further understanding of the system. Note that all
investigated molecules chemically bind with the carboxylate group to the copper
surface and that for clarity the molecules are named with their short names even
when they are adsorbed.
7.1 Investigation path
In order to study the structure of and the electronic transport through the car-
boxylate/Cu(110) interface investigations are focused on a stepped substitution
process. Starting point is benzenecarboxylic acid C6H5COOH (BCA, trivial name:
benzoic acid), the simplest carboxylic acid (R-COOH) with an aromatic ring sys-
tem. It serves as reference system for the investigation of the self-assembly behav-
ior and the electronic transport properties (experimentally and theoretically). In
a first step, the influence of an additional side group substituted in para position
of the BCA molecule is studied. Exchanging the hydrogen atom with a second
functional group increases the possibilities of the molecule to interact with other
molecules. Especially groups which are suitable to create chemically functionalized
surfaces or which exhibit extreme dipole moments are of interest. The influence
of such an additional functional group is investigated here by the substitution of
the hydrogen atom through a carboxylic group (COOH), resulting in benzene-1,4-
dicarboxylic acid C6H4(COOH)2 (BDCA, trivial name: terephthalic acid). On one
hand, these molecules should adsorb on the Cu(110) surface in comparable geome-
tries to BCA due to their common anchoring group and common aromatic ring
structure. On the other hand, the electron density of the aromatic ring will be in-
fluenced systematically by the electron pushing or electron withdrawing properties
of the substituents. In this way, the influence of the electron density of the aro-
matic ring system, resulting in an altered π-π interaction of neighboring molecules
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and altered molecule substrate interactions, can be studied and the differences in
the electron transport properties of the molecular layer can be characterized with
only minor influence of the molecular geometry. In a further step, carboxylic acids
with an aromatic ring structure are investigated where successively heteroatoms
will be included. These structures provide the possibility to influence the electron
density directly without any obvious geometrical influence. In this thesis nitrogen
will be presented as possible heteroatom candidate. Exchanging one CH group
of the aromatic ring with one nitrogen atom results in pyridinecarboxylic acid
(PCA, C5H4NCOOH). Here a differentiation between insertion in ortho, meta
or para position is necessary because a change of the electron density with dis-
tance dependence is expected. In a final step, both substitutions can be combined
with the investigation of molecules like pyridine-2,5-dicarboxylic acid (PDCAH,
C5H3N(COOH)2), including a nitrogen heteroatom inserted in the aromatic ring
and an additional carboxylic head group.
Figure 7.1: Progression of molecular investigations illustrated by a ball-and-stick
model. Starting point is benzenecarboxylic acid (BCA) chemisorbed on the Cu(110)
surface. This molecule is further functionalized by substituting a H atom through a
COOH group, results in benzene-1,4-dicarboxylic acid (BDCA) whereas a substituting
of a CH group through a N atom leads to meta-, ortho- or para-pyridinecarboxylic acid
(PCA). Finally both substitutions can be combined, ending with pyridinedicarboxylic
acid (PDCA), which can be adsorbed in two conformations onto the Cu surface.
Within this chapter a detailed description will be given for all molecules under
investigation. This includes information about the preparation conditions, about
topographical investigations, spectroscopic investigations and a comparison with
theoretical data. Figure 7.1 shows the substitution steps under investigation:
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starting with benzenecarboxylic acid (BCA), coming to benzene-1,4-dicarboxylic
acid (BDCA) and pyridinecarboxylic acid, and ending with pyridinedicarboxylic
acid. Additionally, this chapter includes a small paragraph about the possibility to
fabricate mixed monolayers, where a small amount of carboxylic acid is embedded
into a matrix of a self-assembled monolayer of suitable host-molecules. A proof of
concept will be given by inserting pyridinecarboxylic acid into a complete mono-
layer of benzenecarboxylic acid. Finally, the obtained data will be summarized
and compared in a discussion part.
7.2 Experimental details
The Cu(110) single crystal samples were prepared by cycles of repeated Ar+-
sputtering and annealing, following the process described in table 6.1 of section
6.2. Due to the reactive surface of copper, the deposition of molecules was pro-
cessed immediately after the last annealing step. BCA, BDCA, PCA and PDCA
were used as delivered by the commercial supplier, with the purities as listed in
table 7.1. All carboxylates were deposited from vapor phase, in-situ, using a de-
mountable and separately pumped home-built, knudsen-type thermal evaporator,
as described in paragraph 3.3.1. All molecular species used here are in solid phase
at room temperature and pressure. They were used for deposition after several
freezing/thawing cycles in vacuum. The deposition parameters depend primarily
on the sublimation temperature of the molecules given at a special vapor pressure.
In dependence of the molecular species, lowering the pressure (10−5 to 10−6mbar)
causes normally a sublimation of the molecules in a sufficiently high dose. Oth-
erwise the molecules were heated or cooled to in- or decrease the deposition rate.
The deposition times were fitted to the sublimation rates, with the aim to create
close-packed monolayer structures on the substrates, and are spread between 15
seconds and 30 minutes. The powder temperatures during sublimation were var-
ied from room temperature (BCA, PCA and PDCA) to approximately 356-363K
for BDCA. Furthermore, the substrate was kept at 423K during deposition. This
allows to exclude any multilayer formation which occur in the case of molecules
with an additional functional top group, like BDCA. To increase the molecular
order on the substrate the samples were temporarily heated after deposition in an
environmental pressure of 10−9mbar to temperatures of around 373K. The result-
ing monolayer films were investigated by imaging in constant-current mode and
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electronic characterization in spectroscopy mode with UHV-STM. Special care has
been taken for the selection of the set point, since benzoate monolayers are easy
to disorder by scanning with high voltages or currents. For example, Frederick et
al. [120] report a structural change in the c(8 × 2) structure of BCA molecules
above a threshold voltage of 2.9± 0.1V (at 1.0 nA), or above a threshold current
of > 0.5 nA (at 3.0V).
Molecule Supplier Purity
BCA Sigma-Aldrich 99%
BDCA Sigma-Aldrich 99%
PCA Merck 98%
PDCA Sigma-Aldrich 98%
Table 7.1: Carboxylic acids in use: supplier and purity.
The mixed monolayers were prepared by insertion of pyridine-2-carboxylic acid
into a dense monolayer of benzenecarboxylic acid. In a first step, benzenecar-
boxylic acid was deposited from vapor phase on freshly cleaned Cu(110) sub-
strates. The powder temperature during sublimation was RT, the substrate tem-
perature around 423K at a pressure of 2 · 10−5mbar. In this manner the Cu(110)
surface was saturated with a monolayer of molecules in 15 minutes. The samples
were immediately transferred through the vacuum system and characterized by
STM. In a second step, the samples were transferred back into the deposition
chamber and pyridine-2-carboxylic acid was deposited. An exposure time of 20
min was chosen for these experiments with the powder at room temperature, the
substrate at 423K and a background pressure of 3 ·10−5mbar. Finally, the result-
ing samples were characterized by STM again.
Additionally, UV-VIS adsorption measurements were done on the carboxylates
dissolved in DMF (respectively ethanol, or H2O) as millimolar solutions.
7.3 Benzenecarboxylic acid
Benzenecarboxylic acid (BCA) as simplest carboxylate with an aromatic ring unit
is starting point for the experimental investigations. The structure of BCA was
investigated in great detail and compared to structure data available from lit-
erature (see paragraph 5.4.2). Thus, BCA can be used as reference system for
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all further investigations on carboxylic acid molecules on Cu(110) surfaces. The
structural investigations will be briefly presented here. Furthermore, electronic
investigations on BCA on Cu(110) have been performed for the first time and
electronic characterizations in terms of the tunneling mechanism, the LDOS, and
the HOMO-LUMO gap will be presented here.
7.3.1 The structure of benzenecarboxylic acid SAMs
The dominant phase for Cu(110) surfaces saturated with BCA molecules is the
c(8 × 2) structure. Figure 7.2(a) shows a STM topography scan of a typical sur-
face coverage after BCA deposition.
Figure 7.2: STM topography scans of BCA on Cu(110), showing the typical surface
structure after deposition (a), the c(8 × 2) domain structure (b), and the unit cell in
molecular resolution (c). The schematic, in part (d), illustrates the position of the BCA
molecules in the c(8 × 2) structure with respect to the underlying copper substrate.
The orange balls correspond to the first copper layer and the brighter yellow ones to
the second layer.
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The surface is homogeneously covered with molecules and domains with c(8 × 2)
structure are visible (Fig. 7.2(b)). For this structure both oxygen atoms of the
carboxylate group are chemisorbed on short bridge sites of the outermost copper
layer, forming rows in [001]-direction of the substrate. The phenyl rings of the mo-
lecules are arranged in the same plane as the carboxylate moiety, perpendicular to
the surface. High resolution scans (2.8× 2.8 nm2, ISet = 0.46 nA, VSet = 0.36V),
like in Fig. 7.2(c), show the domain structure in molecular resolution. The bright
stripes seen in the images are parallel to the [001]-direction, have a slight zigzag
nature and neighboring stripes have an antiphase relationship with respect to
the zigzag. The unit cell parameters are measured to a = 2.04 ± 0.20 nm and
b = 0.72 ± 0.07 nm, consistent with the data reported in literature [51, 68]. This
unit cell represents a packing density of one benzoate molecule per four outermost
copper surface atoms (θ=0.25ML). The unit cell is marked in the high resolution
scan of Fig. 7.2(c) as well as in the schematic model of the benzoates on the
underlying copper lattice (d).
In the following, this close-packed c(8 × 2) structure of BCA is used to study the
electron properties of the BCA/copper interface.
7.3.2 Current vs. voltage spectroscopy
The electronic properties of benzenecarboxylic acid monolayers on Cu(110) sur-
faces were studied by current-voltage (I-V) spectroscopy and extended by DFT
based calculation results. This offers information concerning the electronic struc-
ture of the carboxylate/copper interface as well as information about the tunnel
mechanism and the LDOS of the combined molecule/substrate system.
An I-V characteristic of a SAM of BCA molecules on Cu(110) is shown in Fig.
7.3. It was measured by positioning the STM tip (W) above a molecular feature
and controlling the tip-sample distance by the set point parameters (ISet, VSet),
as described in paragraph 3.3.2. Leaving one of these two parameters constant
and changing the other one changes the vertical distance between tip and sample.
This offers no absolute value for the distance but a tendency and as discussed
later the curve shape displays the position of the tip above the sample. In prin-
ciple, it is possible to convert these set points to absolute values with the help
of current-distance (I-z) spectroscopy measurements, but this procedure is very
complex, error-prone, and not realizable for all molecule/substrate systems.
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Figure 7.3: I-V characteristic of benzenecarboxylic acid (BCA) molecules chemically
bonded to the Cu(110) surface, as topographically imaged in Fig. 7.2(c). The curves
were measured at one set point voltage of VSet = 1.0V but at different set point currents
(ISet = 0.05 to 0.5 nA).
Displayed here are the average curves for six different current set points, ISet =
0.05 nA to ISet = 0.5 nA, recorded with a voltage set point of VSet = 1.0V
(Fig. 7.3). All curves are highly reproducible, reflecting the strong binding of
the benzoate molecules to the copper surface. At currents higher than 0.6 nA
unstable current-voltage curves were observed, allegeable with the destruction
of the molecular layer through a mechanical contact between tip and molecules.
The voltage window for the I-V measurements of BCA on Cu(110) was found
to be VSweep = ±3V. Outside these margins a field-induced breakdown of the
Cu/BCA/W junction takes place, changing the molecular layer irreversibly.
7.3.2.1 Combining experiment and theory: LDOS investigations
One main point which describes the carboxylate/copper system, in terms of elec-
tron transport through a junction, is the electronic structure of the molecule/sur-
face interface near the Fermi level. Whereas the surface of a metal is characterized
by reactive electron energy levels that are corresponding to the surface states, the
molecule is characterized by discrete energy levels in which the most reactive
orbitals are the highest occupied molecular orbitals (HOMOs) and the lowest un-
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occupied molecular orbitals (LUMOs). The bonding between the molecule and
the surface involves the interaction of these reactive molecular orbitals with the
surface states of the metal and results in new bonding and antibonding molecular
orbitals of the combined molecule/surface system. Figure 7.4 shows a schematic
of the hybridization of the molecular orbitals with the Cu d-bands. The hybridiza-
tion leads to a splitting of the molecular orbitals into sub-bands with bonding and
antibonding character [21].
Figure 7.4: Schematic of the hybridization of the molecular orbitals with the Cu d-
bands. The hybridization leads to a splitting of the molecular orbitals into two sub-bands
with bonding and antibonding character.
The precise energetic alignment of these new molecular orbitals with respect to the
Fermi level of the substrate, i.e., the local density of states (LDOS), is experimen-
tally accessible through the derivative of the current measured in I-V spectroscopy,
as described in paragraph 3.1.2. Peaks appearing in the dI/dV vs. V plot, in the
so called “spectroscopy plot”, monitor the energetic positions of the molecular or-
bitals. The dI/dV data are calculated numerically from the measured I-V curves.
Sometimes a normalization of the differential conductivity (dI/dV )/(I/V ) is ad-
visable for an appropriate evaluation of the tunneling spectra, especially when
large voltage ranges are covered. In this case small features in the differential
conductivity dI/dV can become invisible due to the large increase in the dI/dV
itself. On the other hand, not only the peak visibility but also the peak position
can be strongly influenced by the normalization procedure [121]. Thus, all spec-
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troscopy plots were calculated as dI/dV vs. the applied bias voltage V and as
(dI/dV )/(I/V ) vs. V , respectively. Hence there are no additional peaks visible
in the spectra but a strong overestimation and shift of peaks around V = 0 and
there is no physical meaning behind the normalization only dI/dV vs. V plots
are shown here.
Figure 7.5 shows the spectroscopy plot for BCA molecules chemically adsorbed
on a Cu(110) surface calculated from the measured I-V data, displayed and de-
scribed in the previous paragraph (compare Fig. 7.3). With decreasing tip-sample
distance the electric field strength is increased, the voltage drop over the vacuum
gap gets smaller and the molecular orbitals were indeed probed. The distinguished
peaks of the dI/dV spectrum can be assigned to an orbital mediated tunneling
(OMT) through the HOMO and LUMO states of the molecule. Starting from
a set point current of ISet = 0.3 nA and going to ISet = 0.5 nA, an accretion of
defined peaks in the dI/dV spectra can be monitored.
Figure 7.5: dI/dV characteristic of benzenecarboxylic acid (BCA) molecules chemically
bonded to the Cu(110) surface calculated from the measured I-V data, imaged in Fig.
7.3. The curves were measured at one set point voltage of VSet = 1.0V but different
set point currents (ISet = 0.05 to 0.5 nA). Highlighted are the two detectable peaks
corresponding to an occupied (E1) and an unoccupied (E2) molecular orbital energy.
Two pronounced peaks appear in the dI/dV curves, one at a negative sample bias
voltage of around V1 = −2.0V and one at a positive sample bias voltage of around
V2 = 2.2V. Assigning the appearing peak at negative voltage to the first occu-
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pied molecular orbital (energy E1) below the Fermi energy (EF ) and the peak at
positive voltage to the first unoccupied molecular orbital (energy E2) above EF ,
these two orbitals define the HOMO-LUMO gap of the BCA/Cu(110) system.
The energy gap can be calculated to ΔESTM = 4.2 eV.
Theoretically angular-momentum resolved local density of states calculations offer
a picture consistent with the experimental dI/dV obtained for adsorbed benzoate
molecules on Cu(110). Note that the calculated local density of states (LDOSs)
at the molecular side will be used to define the molecular orbitals (MOs) of the
combined system consisting of the molecule adsorbed on the Cu(110) surface. The
theoretical LDOS can then be decomposed into σ- and π-like contributions, where
a σ molecular orbital represents the contributions px and py in the molecular plane
while a π MO originates from the pz-like orbitals perpendicular to the molecular
plane. Furthermore, calculations have shown that apart from a slight broadening
of the energetic levels no changes appear in the LDOS characteristics when going
from single molecules to a BCA molecular layer. Thus, the LDOS of the single
molecules adsorbed on the Cu(110) are taken for interpretation.
The LDOS calculated for the adsorbed BCA on Cu(110) by DFT can be directly
compared to the experimental dI/dV curves, as shown in Fig. 7.6(a). A remark-
able conformity exists between the measured dI/dV and the calculated LDOS
data. Both measured peaks appear in the calculated LDOS data at nearly the
same energy. Furthermore, the calculations identify both orbitals as π-type MOs,
denoted as occupied MO π1 and unoccupied MO π
∗
1. Beside these two main fea-
tures, a third σ-type peak with low intensity is visible in the calculated spectrum
between −1.0 and −1.25 eV. Plotting the spatial distribution of the charge density
in a specific energy range associated with the molecular DOS (Fig. 7.6(b)) points
out that this σ-type orbital is located at the molecule/substrate interface and thus
represents the bonding part of the mixed molecule-surface states. The location of
this orbital near the surface plane and not wide in space above the surface, as for
instance π1 and π
∗
1, explains why it is not clearly detected in experiment (it can
be suspected in the curve for ISet = 0.5 nA). A very small tip-sample distance
is needed to detect this localized orbital equivalent with an immersion of the tip
into the molecular layer and a destruction of the layer. However, probing this
molecular orbital would monitor only the character of the chemical bonding be-
tween molecule and substrate and this bond is equal for all investigated molecule.
Since investigations are focused on the change of electronic properties caused be
a substitution of atoms and functional groups this σ-type orbital is excluded from
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Figure 7.6: (a) Calculated LDOS of a BCA molecule chemically bonded to the Cu(110)
surface. The red line represents the contributions of the states with a π-type character,
while the black line represents the states with a σ-type character. Additionally shown is
the experimental dI/dV spectrum (cyan) acquired over a BCA molecule on Cu(110) at
a set point of VSet = 1.0V and ISet = 0.5 nA. Theoretical and experimental data show
a high conformity and the energy gaps between HOMO and LUMO orbitals are nearly
identical. (b) Charge density plots of the electronic states of BCA in a specific energy
range corresponding to the LDOS depicted in (a). Remarkable here are the different
extensions of the molecular orbitals.
the definition of the HOMO-LUMO gap in the following. With this definition,
the experimentally detected orbitals are indeed related to HOMO and LUMO.
The HOMO-LUMO gap can be calculated to ΔEDFT = 4.35 eV which is in close
agreement with the experimental data.
7.3.2.2 I-V curves: a mirror image of the gap symmetry
Another key quantity to evaluate the magnitude of the charge transfer between
an adsorbate and a substrate is the junction geometry. The ratios inside the
STM junction, consisting of the substrate/molecule interface, the molecule, and
the molecule/tip interface (often including a vacuum gap), influence the charge
transfer in several ways. For example, the geometrical length of the vacuum gap
can cause a change from molecule mediated tunneling to vacuum barrier tunnel-
ing. Not only the geometrical ratios but also interaction strengths or dipole fields
influence the charge transfer. Some of these influences will be probed by changing
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the distance between molecule and tip in distance dependent current-voltage spec-
troscopy. Concerning this, a closer look onto the experimental I-V data provides
information.
Figure 7.7: I-V characteristic of benzenecarboxylic acid (BCA) molecules chemically
bonded to the Cu(110) surface, as shown in Fig. 7.3, but plotted on a semi logarithmic
scale. Horizontal dashed lines highlight here that curves taken at small set point currents
show a steeper slope at positive bias voltages whereas curves with higher set point
current are symmetric.
A comparison of the different I-V curves (Fig. 7.3) shows that the current and
therewith the conductance increases with increasing set point current. This in-
crease in current with increasing ISet can generally be explained by the constriction
of the vacuum gap between tip and molecule. With increasing current, i.e., de-
creasing of the distance, the vacuum gap gets smaller and the system gets more
conducting.
Furthermore, the I-V curves for low current set points show an asymmetric shape
comparing positive and negative voltage whereas the curves for higher current
set points show a symmetric shape. This behavior gets much clearer when the
current-voltage characteristic of Fig. 7.3 is plotted on a semi logarithmic scale
(see Fig. 7.7). Curves taken at small set point currents (large tip-sample dis-
tance) show a steeper slope at positive bias voltages than at negative ones. This
asymmetry is often explained only by the asymmetry of the metal/molecule/metal
junction in STM setups. Therefore, depending on the polarity of the voltage, the
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electrons have to tunnel through potential barriers of different heights. In the
case of STM junctions the molecule is coupled to the metallic substrate by strong
interactions whereas the top of the molecule is only weakly coupled to the tip.
Thus, the current should be much smaller for positive substrate voltage (conduc-
tion through LUMO) than for negative substrate voltages (conductance through
the HOMO) [27].
However, all I-V curves taken with the tip far from the sample show an in-
verse behavior, the current is higher in the positive bias regime. In addition,
I-V curves with smaller tip-sample distances show symmetric I-V characteristics
for the Cu(110)/BCA system. This behavior is related to the special potential
differences inside the gap. The above mentioned explanation is based on the as-
sumption that the electrochemical potential μ1 of the sample is fixed with respect
to the molecule. If this is the case, the hole potential drops at the molecule vacuum
interface. The factor η which describes how the electrostatic potential difference
is divided between the two contacts (metal/molecule and molecule/tip) is thereby
zero [27]. In detail η is defined as
η =
d+ 1
2
l
z
with z = d+ l + s. (7.1)
with d the bond length, l the molecule length and s the vacuum gap size. In the
case of a Cu/BCA/W junction the potential barrier profile will depend on both
metal/molecule interfaces and the potential is expected to drop not only at the
vacuum interface. Figure 7.8 shows the change in the electronic structure of a
metal and a molecule when a junction is formed between them. The energy levels
of a molecule and a metal are aligned at the vacuum level with energy Evac(∞),
when the separation between them is large (a). When metal and molecule come
into contact without rearrangement of the electric charge, the molecule is in the
potential of the surface dipole of the metal, and its energy levels are raised to have
a common vacuum level in an extremely narrow interfacial gap (b). The vacuum
energy level in this region is denoted as Evac.
Matching these general plots with the two interfaces in the junction shows that
the difference between them is located at the point where the potential wells of
metal and molecule merge (marked with a red circle in Fig. 7.8(b)). In the case of
the BCA/W interface the barrier profile is characterized by the vacuum gap be-
tween metal and surface and only weak interactions. The space between molecule
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Figure 7.8: (a) Electronic structure of a metal and organic molecule at infinite distance.
(b) Contact of a metal thin film and an organic molecule. The molecule is within the
electric field of the surface dipole layer of the metal, and the interfacial vacuum level is
common. When metal and molecule come into real contact, the actual potential well
(area highlighted by the red circle) can be lowered, heightened, or can get asymmetric.
Images according to [122].
and metal allows an alignment of the potential wells of metal and molecule over
the gap region and the potential wells become a flat plateau. At the Cu/BCA
interface the profile will depend strongly on the charge of the adsorbed molecule,
which in turn depends on the interaction between the molecule and the substrate.
If at least part of the electronic charge of the molecules is retained on deproto-
nation, the adsorbed molecule will be negatively charged, creating an intrinsic
dipole. There is a net electronic charge transfer to the molecule which up-shifts
the vacuum level by introducing a dipole-induced potential step at the interface.
Given that the chemisorption implies a close proximity between the metal and the
organic molecules, the “push-back” effect also plays a role and will down-shift the
vacuum level by decreasing the metal-surface dipole potential energy [123]. The
overall change in metal work function at the interface that is the shift in vacuum
level Δ, is thus the sum of these two contributions. For the Cu/BCA interface an
increase in the tunneling barrier with respect to the bare Cu(110) surface will be
expected. Calculations of Δ using DFT indeed show an increase of the local work
function of Δ = 0.47 eV [21] for the Cu/BCA interface. An increase of the work
function at the bond is reported in literature [124] for the comparable bonding
system of a single carboxylate (4-[trans-2(pyrid-4-yl-viny)] carboxylic acid) chem-
ically bonded to a Cu(111) surface. Combining these two interfaces leads to a
junction as sketched in Fig. 7.9.
On the BCA/W interface the potential barrier profile is characterized by the vac-
uum gap size s. If the gap size is large, i.e., the set point current is low, the
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main part of the potential drops over this vacuum barrier and this interface will
dominate the potential barrier profile of the whole junction. This would be equal
to the above mentioned case of η = 0. On the other junction side, the potential
barrier of the permanent dipole moment, sketched in the lower part of Fig. 7.9(a),
characterizes the potential profile. It leads to a smaller charge transfer from the
surface to the organic/metallic interface [122,123], which is located mostly at the
carboxylate moiety. This additional barrier leads to a shift of the threshold for
the orbital mediated tunneling through the HOMO to a more negative voltage,
the value η is now unequal zero.
Figure 7.9: (a) Interfacial energy diagram of the Cu/BCA/W junction with a shift EV ac
at the sample/molecule interface due to the dipole layer formation. In this junction, the
organic side is charged negative, making the side less comfortable for an electron, and
making the sign of Δ positive. The molecule/tip interface has no energy shift because of
the vacuum gap contact. ΦCu and ΦW are the work functions, μ1 and μ2 the chemical
potentials of the electrodes. Additionally labeled are the different length (d, l, s and z)
in the junction. (b) Energy diagram for the same junction with an additional applied
positive bias voltage (V > 0). Electrons tunnel from the tip into empty states of the
sample in the energy range between μ2 and μ1 = μ2+ eV . (c) At negative bias voltages
(V < 0) the electrons tunnel from the occupied states of the sample towards the tip.
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If a voltage is applied at the junction, the conductance through HOMO is inhibited
by the dipole moment whereas the conduction through LUMO is not affected
(compare Fig. 7.9(b,c)). With decreasing vacuum gap sizes the voltage drop over
the vacuum gap gets smaller and the dipole barrier gains influence, η gets larger.
The vacuum barrier between tip and molecule is the current limiting barrier, and
thus the current rises more steeply and finally reaches a higher value in the case
of a smaller vacuum gap size s. When the potential drop at both interfaces gets
the same the potential barrier profile becomes symmetric (η = 0.5). This effect is
visible in the I-V characteristics of Fig. 7.7 at around ISet = 0.4 nA.
The situation inside the gap can be roughly estimated by a model where neither
μ1 (sample) nor μ2 (tip) remain fixed with respect to the sample and η is unequal
to zero. The molecule then conducts strongly when either μ1 or μ2 coincides with
a molecular orbital energy so that the threshold for conduction is given by
eV > min
(
EF − EHOMO
η
,
ELUMO − EF
1− η
)
(7.2)
(positve substrate voltage)
or
eV > min
(
EF − EHOMO
1− η ,
ELUMO − EF
η
)
, (7.3)
(negative substrate voltage)
where min(x,y) denotes the smaller quantities of x and y. An estimation of the
value η can be made with the known Cu/BCA/W junction geometries. The
bond length between copper and the BCA molecule is d = 0.194 nm as detected
by [21, 125], the molecular length is around l = 0.599 nm (similar to [126]) plus a
typical vacuum gap length above the molecule of s and a tip-sample distance z
allows to calculate η to
η =
d+ 1
2
l
z
=
0.494 nm
0.793 nm + s
. (7.4)
Thus, η is directly related to the vacuum gap size s. The molecule orbital energies
for BCA adsorbed on Cu(110) were found in paragraph 7.3.2.1 to
EF − EHOMO = 2.0eV and ELUMO − EF = 2.2eV (7.5)
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for high current set points. Calculating this conduction threshold for various
vacuum gap sizes s shows that with η ≈ 0.49, i.e., s = 0.20 nm, the molecules
could conduct through HOMO for both bias polarities, leading to the observed
symmetric I-V curves. This is in accordance with the data for α, α‘-xylyl dithiol
on Au(111) which has a comparable molecule geometry with its π-conjugated ring
system [27].
Furthermore, this calculation allows to make an estimation of the absolute value
for the gap sizes measured in STS. A symmetric I-V profile is expected at a vacuum
gap size of s = 0.20 nm and seen in the I-V curves at ISet = 0.4 nA, resulting in
z = d+ l + s ≈ 0.99 nm ∼ ISet = 0.4 nA. (7.6)
Every I-V curve shows a region of linear increase around the Fermi level and a
sharp rise in current above certain threshold voltages within the negative and the
positive bias regime. The onset of this exponential decay is dependent on the
current set point and starts at lower voltages for higher current set points. This
first linear and above a certain threshold voltage exponential behavior of the cur-
rent monitors different tunneling regimes. As described in chapter 2, the linear
behavior around the Fermi level is related to direct tunneling below the lowest
energy level of the molecule and can be described by the Simmons equation (com-
pare section 2.3). If the applied voltage is large enough to shift the Fermi levels
of the metal electrodes (tip and substrate) such that a molecular level enters the
energy window spanned by the two Fermi levels of the electrodes, the current rises
sharply. The tunneling mechanism is now molecule mediated, resonant tunneling
and can be explained by a coherent electron transport model as described by Datta
et al. [27] (compare section 2.2). With a measured HOMO-LUMO gap energy of
ΔESTM = 4.2 eV the likelihood of accessing different transport mechanisms, such
as resonant tunneling prior the field-induced device breakdown is given here.
7.3.2.3 Transition voltage spectroscopy
A relatively new, simple and elegant approach to get more detailed information
about the tunneling regimes in a metal/molecule/metal junction is the so called
“transition voltage spectroscopy”(TVS). The idea behind TVS was found by Beebe
et al. [127] and is based on a simple replot of the I-V data in a form that is based on
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the physics of field emission. They state that the position of the nearest molecular
level in a two-terminal device can be derived from the I-V measurements even if the
bias is moderate and resonance is not yet reached. The experimental feasibility of
this concept was proven by different research groups in the last two years [128–131]
and the physical interpretation was promoted by Huisman et al. [132]. According
to the propositions of Beebe et al. [127, 128], plotting ln(I/V 2) versus 1/V (the
so called “Fowler-Nordheim plot”) from the collected I-V data shows an inflection
point, consistent with the voltage where a change in tunneling mechanism occurs.
Since the magnitude of the voltage required to enact this transition is molecule
specific, measurements of the transition voltage constitute a form of spectroscopy
and the transition voltage is a variable characterizing the electronic transport
properties of the specific molecule/metal system.
Figure 7.10: (a) Current-voltage data set for BCA on Cu(110), measured at VSet =
1.0V and ISet = 0.2 nA, plotted on standard axes. The Fowler-Nordheim plot of the
averaged I-V data is shown in (b) for the positive and in (c) for the negative bias
regime. Vtrans is determined from the minimum of the Fowler-Nordheim plots, marked
with dashed lines.
83
7 Carboxylates on Cu(110)
Exemplary, Fig. 7.10(a) shows the I-V curve shape for a batch of five I-V curves
measured on BCA molecules adsorbed on Cu(110), recorded at a set point current
of ISet = 0.2 nA and voltage of VSet = 1.0V. The two curves on the right side of
Fig. 7.10 represent the average of the five I-V curves plotted as Fowler-Nordheim
plot for positive (b) and negative (c) bias voltage values. The voltage (Vtrans)
required to change the functional dependence of current on the applied voltage
is marked with dashed lines in plot (b), (c) and also in (a). Different transition
voltage values are commonly found for positive and negative bias voltages be-
cause the asymmetric voltage drops at the two metal/molecule interfaces cause
the transition voltage to be dependent on bias polarity. For the Cu/BCA/W
junction (ISet = 0.2 nA, VSet = 1.0V) the transition in mechanism occurs at
Vtrans = −1.52V and at Vtrans = 1.42V. The transition voltages for the complete
current-voltage data set measured are listed in table 7.2. Listed in every column
is the averaged value of around five I-V curves collected at one set point current
ISet. Whereas there is no variation in the values for one set point current the
values differ for different ISet.
ISet 0.10 nA 0.20 nA 0.30 nA 0.40 nA 0.50 nA
Vtrans(neg) [V] -1.46 -1.52 -1.47 -0.91 -0.66
Vtrans(pos) [V] 1.36 1.42 1.25 1.19 1.34
Table 7.2: Compilation of the calculated Vtrans values for all measured I-V curves.
Listed in every column is the averaged value of around five I-V curves collected at one
set point current ISet.
But not only the values differ between the different current set points, also the
transition occurs for ISet = 0.1 to 0.3 nA first at positive bias voltage values and
at ISet = 0.4 and 0.5 nA first at negative bias polarities. This behavior is in
accordance with the results of the last paragraphs, taking into account that the
transition voltage Vtrans is here proportional to the barrier height [127, 132]. For
large distances the π1-orbital is detected as HOMO. Thus, the absolute value for
HOMO mediated tunneling is larger than the one for LUMO mediated tunneling.
Between 0.3 and 0.4 nA the system gets symmetric and HOMO and LUMO medi-
ated tunneling occurs at the same value. At a small tip-sample distance (0.5 nA)
the transition energy is lower for occupied states, reflecting that the σ1-orbital is
now probed at lower energies than the π1-orbital.
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Taking the above mentioned small HOMO-LUMO gap size of ΔESTM = 4.2 eV
and the barrier profile as sketched in Fig. 7.9 into account, the change in mecha-
nism monitored here through the transition voltage for the Cu/BCA/W junction
is a change from direct tunneling to resonant tunneling.
7.3.2.4 UV-VIS spectroscopy: cross-checking STS data
Finally, the STM measured energetic gap can be compared to gap sizes resulting
from other spectroscopic techniques such as adsorption spectroscopy [133]. Figure
7.11 shows the UV-VIS adsorption spectrum of BCA in ethanol (c = 1·10−3mol/l).
The optical gap can be derived from the onset of the energetically lowest adsorp-
tion band with a value of ΔEopt ∼ 4.2 eV. This is the lowest neutral excitation,
i.e., transition of an electron from the HOMO to the LUMO of the molecule. To
compare both STM and UV-VIS gap sizes an exciton binding energy EB has to
be added to the optical gap, typical values for this are between EB = 0.1 and
1.5 eV [134], and the influence of the chemical adsorption of the molecule on the
surface has to be taken into account. Comparing ΔESTM and ΔEopt here shows
that there is only a very small exciton binding energy and that isolated an bonded
BCA molecules have comparable energy gap sizes.
Figure 7.11: Optical absorption spectrum of BCA dissolved in ethanol. The horizontal
and vertical dashed lines serve as guide to the eye to help determine the adsorption edge.
The onset position of the energetically lowest adsorption band leads to an optical gap
of ΔEopt ∼ 4.2 eV in the liquid phase.
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7.4 Benzene-1,4-dicarboxylic acid
Benzene-1,4-dicarboxylic acid (BDCA) is similar to benzenecarboxylic acid but
with an additional carboxylic acid moiety in the para position of the phenyl ring.
It should adsorb on the Cu(110) surface in comparable geometries as BCA due
to their common anchoring group and common aromatic ring structure. On the
other side, the electron density of the aromatic ring will be influenced by the
electron withdrawing properties of the substituents. Compared to BCA, BDCA is
a relative sparse investigated system. Thus, the topographic structure as well as
the electronic properties were investigated and will be presented in the following.
7.4.1 The structure of benzene-1,4-dicarboxylic acid SAMs
The topographic structure of benzene-1,4-dicarboxylic acid was investigated by
D.S. Martin et al. [135] with RAIRS, LEED, temperature programmed desorption
(TPD) and reflection anisotropy spectroscopy (RAS). They found an adsorption
behavior of BDCA which is comparable to that of BCA. In common with a num-
ber of previous studies on monocarboxylic acids, BDCA adsorbs on the Cu (110)
surface as a monocarboxylate following deprotonation of one carboxylic group.
At low coverages the molecules adsorb in a flat-lying geometry on the Cu(110)
surface. Both carboxylic groups can interact via their oxygen atoms with the cop-
per surface atoms and additionally the phenyl ring can interact with the Cu(110)
surface through its extended π-system. At higher surface coverages structures of
standing-up molecules were found. The BDCA molecules are bonded to the sur-
face with one deprotonated carboxylic group whereas the other carboxylic group
points towards the vacuum interface. The perpendicular orientation observed at
higher coverage accompanies with the loss of the π-interaction between the ring
and Cu surface but this is easily compensated by the adsorption energy of addi-
tional carboxylates, and by increasing intermolecular interactions between upright
molecules with increasing coverage. The terephthalate molecules were found to
be oriented with the carboxylate bonding along the
[
110
]
-direction which implies
that the plane of the aromatic ring has to be also aligned along this direction.
By a coverage dependent LEED study the first structure of standing molecules
was found to be a (10 × 2) structure. With further increasing coverage no clearly
detectable structure was found until with maximum surface coverage a (2 × 1)
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structure was detected. At this high coverage steric constraints require the ro-
tation of the terephthalate ring out of the
[
110
]
-direction. A centered structure
could be excluded instead of the (10 × 2) structure but information on the exact
number and location of the molecules within the unit cells cannot be given by
LEED. With further molecular exposure the molecules build multilayers due to
the functional top group of the BDCA molecules. Both the carbonyl (C=O) and
the hydoxyl (O-H) part of the carboxylic top group can interact via hydrogen
bonds with additional molecules resulting in flat-lying second layer BDCA mole-
cules.
Figure 7.12: STM topography scans of BDCA on Cu(110) showing a direct, row like
texture in [001]-direction (a), small bunches with a rectangular unit cell (b), and oval
molecular features (c). The high resolution scan of (c) was taken with a set point
current of ISet = 0.1 nA and an applied bias voltage of VSet = 1.0V, comparable with
the simulated STM features of (d), which demonstrates that the spots visible in STM
have different forms dependent on the submolecular geometric structure.
STM investigations on BDCA point out that it is difficult to prepare an ordered
layer on Cu(110). All our investigation show disordered layers with a directed
texture or layers with a strong alignment of the molecules in [001] but a defuse
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alignment in
[
110
]
- direction, as visible in the STM scan of Fig. 7.12(a). BDCA
has two carboxylate groups which can in principle react with the copper surface
and thus it has the tendency to lie flat on the surface. If with further coverage more
molecules are available on the surface and the molecules change their position from
flat-lying to standing-up, the additionally coming molecules can either arrange
in this order or can adsorb on top of the existing layer due to intermolecular
interactions. This causes a large disorder in the resulting film and it can be
supposed that only a very slow exposure of molecules at low pressure results in
large domain structures of close-packed molecules. Due to the high sublimation
point of BDCA and the limited pressure range for sublimation in the experimental
setup (p > 1 · 10−7mbar) it was not possible to reach these large domains here
and multilayer growth starts before a (2 × 1) could be formed. Nevertheless, it
was possible to deposit the above mentioned layers where batches of close-packed
standing-up molecules can be found and no multilayer formation was monitored.
These batches have molecular distances ranging between the unit cell vectors
of a (10 × 2) and a (2 × 1) structure which is in accordance with the diffuse
LEED pattern reported by Martin et al. [135]. Figure 7.12(b) shows a STM
scan of a batch of ordered molecules with a distance of a = 1.79 ± 0.18 nm and
b = 0.73±0.07 nm corresponding to a (6 × 2) unit cell. High resolution STM scans
on these structures (Fig. 7.12(c)) show oval molecular features which indicates
that the molecules adsorb with their terephthalate rings parallel to each other in[
110
]
-direction.
Finally, it should be noted here that there is one theoretical work on BDCA
on Cu(110) surfaces. Before focusing on the electronic properties of the BDCA
molecules, as described in the following, Atodiresei et al. performed ab initio
pseudopotential calculations in order to elucidate the role of the intermolecular
interactions on the two-dimensional order of BDCA on Cu(110) surfaces. Since
the chemical functionalization of this surface can be hindered by a hydrogen bond
between BDCA molecules, Atodiresei et al. investigated if indeed this scenario
takes place. Their calculations show that an adsorbate-substrate geometry with a
hydrogen bond between adjacent BDCA molecules is energetically not favorable.
Instead, a geometry which exhibits a H-O bond in the carboxylic group plane
oriented toward the benzene ring is calculated. The total energy of this adsorp-
tion configuration is in the (2 × 1) structure slightly higher (∼ 0.08 eV) than that
with a H-O bond pointing toward the vacuum interface. This small energy dif-
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ference opens the possibility that the hydrogen atom can fluctuate between these
configurations. Within the experiments (performed at RT) such a small barrier
is negligible because the thermal energy is sufficient to overcome this barrier. By
calculating the lateral variation of the energy integrated LDOS, they simulated
STM images for all BDCA adsorption configurations under consideration and thus
provide a connection to experiments. The simulated images exhibit specific fea-
tures for each case considered, shown in Fig. 7.12(d) for the case of a (2 × 1)
structure scanned at VSet = 1.0V. These investigations are a further hint that
the additional top group is not fixed even in closer packed structures, leading to
different oriented features visible in STM and LEED.
7.4.2 Current vs. voltage spectroscopy
The electronic properties of benzene-1,4-dicarboxylic acid monolayers on Cu(110)
surfaces were studied by current-voltage (I-V) spectroscopy and extended by DFT
based calculation results.
7.4.2.1 Experimental data
Distant dependent current-voltage spectroscopy was again carried out by position-
ing the STM tip (W) above a molecular feature and controlling the tip-sample dis-
tance by the set point parameters (ISet, VSet), as described in paragraph 3.3.2. All
I-V curves were taken on molecules situated inside areas of ordered, close-packed
molecules with a structure similar to that displayed in Fig. 7.12(b). Only curves
measured on the same structure were averaged. This offers reliable information
concerning the electronic structure of the carboxylate/copper interface as well as
information about the tunneling mechanism and the LDOS of the combined mo-
lecule/substrate system. For the Cu(110)/BDCA system investigated here, the
most reliable and reproducible STM data were recorded at positive bias voltages
of less than 1.0V and tunneling current set points of around ISet = 0.1 nA.
Thus, for STS data acquisition the set point voltage was kept constant at a value
of VSet = 0.77V whereas the set point current was varied from ISet = 0.06 to
0.46 nA in steps of 0.1 nA. The voltage window for the I-V measurements of
BDCA on Cu(110) was found to be VSweep = ±2V which is smaller than that of
BCA. This is not unexpected because the molecular layer of BDCA can be easily
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disordered by the electric field between tip and sample due to the additional func-
tional groups of the BDCA molecules which point towards the tip. Within the
electric field at low tip-sample distances the tip interacts with the top carboxylic
group and can cause structural rearrangements of the monolayer or even lifts the
molecule from the surface. However, all measured I-V curves within the voltage
range are highly reproducible and the STM topographical scans, taken before and
after spectroscopy data collection, remain unchanged, i.e., there is no tip influence
on the molecular layer.
Figure 7.13: I-V characteristics of benzene-1,4-dicarboxylic acid (BDCA) molecules
chemically bonded to the Cu(110) surface, as topographically imaged in Fig. 7.12(b).
The curves were measured at one set point voltage of VSet = 0.77V but at different set
point currents (ISet = 0.06 to 0.46 nA). The inset shows the same data but plotted on a
semi logarithmic scale, displaying the symmetry of the measured I-V curves comparing
positive and negative bias voltage.
Fig. 7.13 shows the I-V characteristics of BDCA molecules on Cu(110). A com-
parison of the I-V curves collected with different set point currents, i.e., at different
tip-sample separations, shows an increase in current with an increasing ISet. This
behavior was also monitored for BCA molecules on Cu(110) (compare paragraph
7.3.2.2) and can generally by explained by an increasing gap conductance due
to the reduction of the vacuum gap between tip and molecule. Comparing in a
second step the curve shapes separately in the negative and in the positive bias
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regime shows various different features. The inset of Fig. 7.13 shows, therefore,
the I-V data plotted on a semi logarithmic scale. Every single curve has an asym-
metry whereas the total conductance at around 2V is the same. Furthermore,
each curve has a flat, linear shape around zero volt and an exponential slope for
higher voltages but the onset of the exponential slope is different for negative and
positive bias and seems also to be set point dependent. Kinks appear in all curves
but it is not possible to find a general tendency in the appearance. All this points
to a direct tunneling mechanism for small applied bias voltages and an orbital
mediated tunneling mechanism for higher voltages with slightly different orbital
contributions at different set points. Investigations of the LDOS, an estimation of
the junction size and symmetry as well as TVS will give here further insights.
7.4.2.2 LDOS and the HOMO-LUMO gap
The LDOS of the Cu/BDCA system near the Fermi level, especially the ener-
getic position of the HOMO and LUMO, primarily defines the electron transport
through the Cu/BDCA/W junction at small vacuum gap sizes. Thus, the differ-
ential conductance dI/dV is numerically calculated from the measured I-V data.
Figure 7.14 shows the dI/dV vs. V plot for the BDCA molecules calculated from
the data imaged in Fig. 7.13. Starting with the tip far away from the surface, i.e.,
at the lowest detectable set point current (ISet = 0.06 nA), the resulting dI/dV
curve is flat and no peaks appear in the measured voltage range. The voltage
drop over the vacuum gap in the junction is here too large to probe any molecular
orbital. Moving the tip closer to the surface (ISet = 0.16 nA to 0.36 nA) decreases
the vacuum gap size, the voltage drop over the molecule gets larger, and molecular
orbital mediated contributions to the electronic transport can be monitored. Two
peaks appear in the dI/dV curves and increase in intensity. At ISet = 0.36 nA
they have a defined shape with a maximum at around V1 = −1.2V and at around
V2 = 1.5V. Due to the direct relation between dI/dV and LDOS the peaks can
be allot to an occupied molecular orbital at E1 = −1.2 eV and an unoccupied
molecular orbital at E2 = 1.5 eV.
Expecting a close similarity between the bonding mediated orbitals of benzenecar-
boxylic acid and benzene-1,4-dicarboxylic acid, due to the equal bonding group
and the benzene ring structure, the peak at an energy of E1 = −1.2 eV could
also be related to the bonding carboxylate group as the E1 peak detected for
BCA (compare paragraph 7.3.2.1). Accordingly, this peak should be excluded
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in HOMO-LUMO gap calculations of the BDCA/Cu(110) system, and thus no
HOMO peak is detected within the experimental voltage window. For unoccupied
MOs no state related to this bonding carboxylate group was reported for the BCA
molecule and the peak at E2 is set as experimental LUMO. The HOMO-LUMO
gap size can then only be estimated as ΔESTM > 3.3 eV from the experimen-
tal STS data. There is a remarkable conformity between the measured dI/dV
data and the calculated LDOS in the case of the Cu/BCA system, as reported
in paragraph 7.3.2.1. If this conformity exists also for the Cu/BDCA system, the
HOMO-LUMO gap can be estimated from comparing experimental and theoret-
ical data. Additionally, data from other spectroscopic methods like ultraviolet
photoelectron spectroscopy (UPS) and inverse photoelectron spectroscopy (IPS)
or UV-VIS spectroscopy can be used for calculating the HOMO-LUMO gap size.
Figure 7.14: (a) dI/dV characteristic of benzene-1,4-dicarboxylic acid (BDCA) mole-
cules chemically bonded to the Cu(110) surface calculated from the measured I-V data,
imaged in Fig. 7.13. The curves were measured at one set point voltage of VSet = 0.77V
but at different set point currents (ISet = 0.06 to 0.46 nA). Highlighted are the two de-
tected peaks corresponding to an occupied (E1) and an unoccupied (E2) molecular
orbital energy. Additionally states related to the Cu-molecule bond are visible. (b)
dI/dV spectrum (line A) of the clean Cu(110) surface, taken from [136].
At ISet = 0.46 nA (blue line in Fig. 7.14) a slightly different peak position of
the LUMO was monitored and some additional features appear in the LDOS.
The shift of an unoccupied molecular orbital to a lower energy appears for small
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tip-distances and is reported in literature, e.g., by Proehl [133]. The origin of
this behavior is the largely increased interaction of the tip with the molecule. In-
terference effects become important, and the high electric field can influence the
electronic states [137]. Two new features appear in the LDOS, one feature close
below the Fermi energy and one close above. Due to the fact that these two peaks
appear close to EF and only at a small tip-sample distance they can be related
to bond mediated states, i.e., to antibonding combinations of the σ-states of the
terephthalate molecule with the d-electrons of the copper surface (compare Fig.
7.4). Furthermore, a monitoring of the pure Cu(110) surface states, through a
destruction of the molecular layer by the tip, can be excluded because the dI/dV
spectrum of the bare Cu(110) looks different, as depicted in Fig. 7.14(b) line A.
To get further information about the nature of the detected molecular orbitals
and to estimate a HOMO-LUMO gap size the experimental data were compared
with LDOS calculations for the chemically adsorbed BDCA molecule on Cu(110).
The calculated LDOS is shown in Fig. 7.15(a), displayed together with the ex-
perimental dI/dV data at ISet = 0.46 nA. Furthermore, charge density plots of
the electronic states of BDCA in a specific energy range corresponding to the
LDOS plotted in (a) were generated and are displayed in Fig. 7.15(b). They are
a powerful tool for spectroscopy investigations because they image the correlation
between molecular orbital energy and molecular geometry.
Comparing experiment and theory shows a good peak conformity and the mea-
sured main peaks (E1, E2) appear in the calculated LDOS data as well as the small
features around EF . The slightly different position of the unoccupied molecular
orbital attracts attention but this shift may appear in experiment due to the elec-
tric field at very small tip-sample distances, as explained above and visible in Fig.
7.14(a). The character of this unoccupied MO is π-type, denoted as π∗1 in the plot,
and it is related to the aromatic ring system, as displayed in the charge density
plot of the electronic states of BDCA in the specific energy range around π∗1 (Fig.
7.15(b)). As typically for π-molecular ring systems the orbital is delocalized over
the whole ring.
The experimentally accessible occupied MO can be identified as σ-type orbital, de-
noted as σ1. Plotting the spatial distribution of the charge density for this σ-type
MO (Fig. 7.15(b)) points out that it is indeed located at the molecule/substrate
interface and thus represents the bonding part of the mixed molecular-surface
states as mentioned above. Further occupied molecular orbitals appear at lower
negative energies in the calculated LDOS. A second σ-type orbital has an energy
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of E2 = −2.10 eV and can be related with the charge density plot to a MO reflect-
ing the carboxylic top group of the BDCA molecule. The first occupied MO with
π character is located only slightly lower in energy (E3 = −2.21 eV), reflecting
the occupied states of the molecular ring system.
Figure 7.15: (a) Calculated LDOS of a BDCA molecule chemically bonded to the
Cu(110) surface. The red line represents the contributions of the states with a π-type
character, while the black line represents the states with a σ-type character. Addition-
ally shown is the experimental dI/dV spectrum (blue) acquired over a BDCA molecule
on Cu(110) at a set point of VSet = 0.77V and ISet = 0.46 nA. (b) Charge density plots
of the electronic states of BDCA in a specific energy range corresponding to the LDOS
displayed in (a).
Beside these main features, small state densities are displayed in the calculated
LDOS around the Fermi Energy (e.g., denoted as σ∗(EF ) in Fig. 7.15), compara-
ble with the features visible in experiment at close tip-sample distances. Plotting
the space extensions of these state densities with respect to the molecule geome-
try (e.g., last chart in Fig. 7.15(b)) displays a minor location on the carboxylate
moiety of the BDCA molecule and a major one on the copper surface. Thus, these
features represent bonding mediated states, i.e., the antibonding combinations of
the σ-states of the terephthalate molecule with the d-electrons of the copper sur-
face, as assumed.
The investigations point out that the calculated data of BDCA on Cu(110) are
in close agreement with the measured dI/dV data and that a calculation of the
Cu/BDCA HOMO-LUMO gap will result in a good approximation. The expected
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HOMO position is then approximately 2.10 eV below the substrate Fermi level and
thus outside the experimentally accessible voltage window of ±2V. The HOMO-
LUMO gap can be calculated to ΔEDFT = 3.7 eV.
In addition to the calculated HOMO-LUMO gap a rough estimation of the gap
size can be made from UV-VIS spectroscopy data. Figure 7.16 shows the UV-VIS
adsorption spectrum of BDCA dissolved in DMF (c = 1 · 10−3mol/l). The optical
gap can be derived from the onset of the energetically lowest adsorption band with
a value of ΔEopt ∼ 4.0 eV. This is the lowest neutral excitation, i.e., transition
of an electron from the HOMO to the LUMO, of the molecule. To compare both
gap sizes an exciton binding energy has to be added to the optical gap, typical
values are between EB = 0.1 and 1.5 eV [134], and the influence of the chemical
adsorption of the molecule on the surface has to be taken into account. Thus, the
calculated value for the gap size is in accordance with the optical one.
Figure 7.16: Optical absorption spectrum of BDCA dissolved in DMF. The horizontal
and vertical dashed lines serve as guide to the eye to help determine the adsorption
edge. The onset position of the energetically lowest adsorption band leads to an optical
gap of ΔEopt ∼ 4.0 eV in the liquid phase.
7.4.2.3 Cu/BDCA/W junction symmetries
The charge transfer through a metal/molecule/metal junction is mainly defined by
the ratios within the junction. Orbital mediated tunneling dominates the electron
transport through the Cu/BDCA/W junction for small tip-sample distances as
seen in the last paragraph but for larger distances, e.g., for ISet = 0.06 nA, no
molecular orbitals can be probed by STS and direct tunneling is the predominant
mechanism. Thus, the junction size seems to influence the transport mechanism.
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With a change in the junction size the vacuum gap size is changed at the BDCA/W
interface, leading to a varying voltage drop at this interface. But not only the
vacuum gap size changes, also the influence of dipole fields etc. on the potential
barrier profile and thus on the charge transfer changes. The situation within the
Cu/BDCA/W junction is similar to that in the Cu/BCA/W junction, detailed
described in paragraph 7.3.2.2. At the BDCA/W interface the potential barrier
profile is characterized by the vacuum gap size s as in the case of BCA. At the
Cu/BDCA interface the potential barrier profile will depend strongly on the charge
of the adsorbed molecule, which depends on the interaction between the molecule
and the substrate. Similar to BCA the adsorbed BDCAmolecule will be negatively
charged, creating an intrinsic dipole. Due to the fact that the BDCA molecule
itself has no dipole the dipole-induced potential step at the interface is expected
to be smaller here. Thus, the overall change in the metal work function at the
interface, i.e., the shift in vacuum level Δ, should be smaller but with a value
above zero. This additional barrier leads to a threshold for the orbital mediated
tunneling and an adequate description of the barrier profile can be given only
by a model where neither the electrochemical potential μ1 (sample) nor μ2 (tip)
remain fixed with respect to the sample. The value η which describes how the
electrostatic potential difference is divided between the two contacts is thereby
unequal zero. An estimation of the value η in dependence of the vacuum gap size
s can be made with the known Cu/BDCA/W junction geometries. With a bond
length of d = 0.194 nm (equal to the value d for Cu/BCA), a molecular length of
around l = 0.796 nm, a junction length of z = d + l + s, the weighting factor η
can be calculated to
η =
d+ 1
2
l
z
=
0.592 nm
0.99 nm + s
. (7.7)
The threshold for conductance can be calculated for various vacuum gap sizes s
following equation (7.2) and (7.3) with the molecular orbital energies. Note here
that for all measured I-V curves the σ1 orbital is detected as first occupied molec-
ular orbital and thus defines the first point where either μ1 or μ2 can coincides
with a molecular orbital energy. The relevant values for equation (7.2) and (7.3)
are
EF − EHOMO = 1.2eV and ELUMO − EF = 1.5eV. (7.8)
Calculating the conduction threshold for various vacuum gap sizes s shows that
with η ≈ 0.46, i.e., s = 0.30 nm, the molecules could conduct through HOMO
for both bias polarities, leading to symmetric I-V curves and with η < 0.543, i.e.,
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s < 0.10 nm, the I-V curves should be asymmetric. All measured I-V curves show
a symmetric profile in the measured bias voltage range so the junction sizes are
assumed to be between s = 0.30 and 0.1 nm.
7.4.2.4 Transition voltage spectroscopy
The experimental I-V characteristics for BDCA show a region of linear increase
around the Fermi level, and a sharp rise in current above certain threshold volt-
ages. This first linear and above a certain threshold voltage exponential behav-
ior of the current indicates different tunneling regimes. Thus, transition voltage
spectroscopy was performed to get detailed information about the point where the
tunneling mechanism changes and since the magnitude of the voltage required to
enact this transition is molecule-specific, the transition voltage is used as a variable
characterizing the electronic transport properties of the specific molecule/metal
system.
Figure 7.17: Folder-Nordheim plot for the positive bias voltage regime of the measured
current-voltage data set of BDCA on Cu(110). The different curves correspond to
different set point currents, starting at ISet = 0.06 nA (brown) and going to ISet =
0.46 nA (blue). Vtrans is determined from the minimum of the Fowler-Nordheim plots,
marked with a dashed line.
To find this transition point the I-V characteristic of Fig. 7.13 is replotted as
ln(I/V 2) vs. 1/V , separately for the positive and negative bias voltage regime.
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Exemplary, Fig. 7.17 shows the Folder-Nordheim plot in the positive bias voltage
regime for all set point currents ISet.
The voltage (Vtrans) required to change the functional dependence of current on the
applied voltage is determined from the minimum of every curve and the transition
voltages for the complete current-voltage data set measured are listed in table 7.3.
ISet 0.06 nA 0.16 nA 0.26 nA 0.36 nA 0.46 nA xarithm
Vtrans(neg) [V] -0.57 -0.60 -0.52 -0.53 -0.52 -0.55
Vtrans(pos) [V] 0.93 0.93 0.99 0.78 0.92 0.91
Table 7.3: Compilation of the calculated Vtrans values for all measured I-V curves.
Additionally, the arithmetic mean of Vtrans is listed in the last column.
Comparing the transition voltage values for different set point currents but for the
same bias polarity points out that there is no large variation between the values.
Thus, the arithmetic mean is calculated to Vtrans = −0.55V and to Vtrans = 0.91V.
It is marked with a dashed line in Fig. 7.17. Whereas there is only a small
variation in the values for one bias polarity different transition voltage values are
found for positive and negative bias voltages. This is not unusual due to the
asymmetric voltage drops at the two metal/molecule interfaces which cause the
transition voltage to be dependent on bias polarity. Summarizing, the transition
occurs in the measured Cu/BDCA/W junction first at negative bias polarities,
pointing to a HOMO mediated tunneling. This is in accordance with the result
of section 7.4.2.3 where a HOMO mediated tunneling is predicted from geometry
estimations.
Taking the above mentioned small HOMO-LUMO gap size of ΔEDFT = 3.7 eV
and the tunneling gap geometry as estimated in paragraph 7.4.2.3 into account,
the change in mechanism monitored here through the transition voltage for the
Cu/BDCA/W junction is a change from direct tunneling to resonant tunneling.
7.5 Pyridinecarboxylic acid
Pyridinecarboxylic acid (PCA) is similar to benzenecarboxylic acid, wherein one
CH group in the aromatic six-membered ring is substituted through a nitrogen
atom. Due to the three possible exchanging positions a differentiation between an
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insertion in ortho, meta, or para position is necessary. All isomers should adsorb
on Cu(110) surfaces in the same way as benzenecarboxylic acid because of the
equivalent anchoring group and the similar ring structure. Thus, these structures
provide the possibility to influence the electron density of the aromatic ring di-
rectly without any obvious geometrical influence. Furthermore, slight variations
in the electron density are expected for the different PCA isomers because of the
position dependent interactions between the nitrogen atom and the carboxylic
group. Pyridine-2-carboxylic acid (o-PCA) was chosen for the experimental in-
vestigations in this thesis and LDOS calculations are done on all three isomers.
On one side pyridinecarboxylic acid molecules are well investigated molecules in
human medicine because, e.g., pyridine-3-carboxylic acid is vitamin B3 or pyridine-
2-carboxylic acid acts as a chelating agent for elements such as chromium, zinc,
manganese, copper, iron, and molybdenum in the human body. On the other side
it is a sparsely investigated system for molecular electronics with, to my knowl-
edge, only one study of the self-assembly process of pyridinecarboxylic acids on
TiO2 surfaces [138,139].
Here distance dependent current-voltage spectroscopy was performed on pyridine-
2-carboxylic acid on Cu(110) surfaces to get first information on the electronic
properties in terms of the tunneling mechanism, the LDOS and the HOMO-LUMO
gap. Additionally, current-distance spectroscopy was performed to examine the
dependency of the current on the tunneling distance z and to measure the material
dependent decay parameter β.
7.5.1 Current vs. voltage spectroscopy
The topographic investigation of pyridine-2-carboxylic acid on Cu(110) surfaces
reveals close-packed molecular assemblies with the preparation conditions de-
scribed in paragraph 7.2. Figure 7.18(a) displays a STM overview scan of o-PCA
on Cu(110) showing a direct, row like texture in [001]-direction. The molecules
exhibit the clear tendency to order on the Cu(110) pattern with a distinct adsorp-
tion on the copper rows and to form structures with similar molecular orientations,
as visible at various places on the Cu terrace in figure 7.18(a). The prepared
molecular monolayers still show a high defect density which could be certainly
reduced by a slower sublimation process at lower background pressure (not reach-
able with the used experimental setup). Spectroscopic investigations were done
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only on bunches of close-packed molecules with a periodicity in both surface di-
rections ([001] and
[
110
]
). A high resolution topography scan (1.8× 0.9 nm2,
ISet = 0.205 nA, VSet = 1.075V) collected before a series of spectroscopy measure-
ments is shown in Fig. 7.18(b). The interatomic distance of nearest neighbor
molecules is here a ≈ 0.37± 0.04 nm.
Figure 7.18: (a) STM topography scans of o-PCA on Cu(110) showing a direct, row
like texture in [001]-direction. Areas with regular features appear everywhere on the
sample. (b) High resolution scan of molecular features within an ordered array.
Distance dependent current-voltage spectroscopy was performed on these struc-
tures and the I-V data were analyzed in analogy to the I-V data collected on
the BCA/Cu and the BDCA/Cu systems. At first, the derivative dI/dV of the
current I with respect to the voltage V was calculated numerically from the I-V
data. Figure 7.19 shows the measured I-V data (a) and the dI/dV characteris-
tics (b). Displayed are the averaged curves for six different set point currents,
ISet = 0.125 to 0.625 nA, recorded with a set point voltage of VSet = 1.0V. All
curves are reproducible up to a current of 0.625 nA and the voltage window for
the I-V measurements was found to be VSweep = ±1.7V. Outside these margins
a field-induced breakdown of the Cu/PCA/W junction takes place, changing the
molecular layer irreversibly.
Comparing the different dI/dV curves of Fig. 7.19(b) shows an accretion of three
peaks within the measurable voltage window. Two peaks appear at negative
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Figure 7.19: (a) I-V characteristics of pyridine-2-carboxylic acid (o-PCA) molecules
chemically bonded to the Cu(110) surface, as topographically imaged in Fig. 7.18(b).
The curves were measured at one set point voltage of VSet = 1.0V but at different
set point currents (ISet = 0.125 to 0.625 nA). (b) dI/dV plot calculated numerically
from the I-V data showing two peaks related to occupied states (E1 and E2), a mixed
molecule-surface mediated state close above the Fermi energy EF , and a small peak
feature at E3 ≈ 1.0 eV.
sample bias voltages, one at around V1 = −1.4V and the other one at around
V2 = −1.0V. A slight shift in the peak position is visible for both peaks at higher
set point currents, pointing to a very close tip-sample distance and a shift in the
orbital energies due to the applied electric field. The peak at around −1V can
be recognized as the peak related to the bonding carboxylate group, it appears
at nearly the same position in the spectra of BCA and BDCA. Thus, the exper-
imental HOMO has an energy of E1 = −1.4 eV. A further peak appears with
decreasing tip-sample distance close above the Fermi energy. This peak can be
related to the antibonding combinations of the σ-states of the PCA molecule with
the d-electrons of the copper surface, as sketched in Fig. 7.4. The measured
I-V curves show a diffuse image of the unoccupied molecular states above 0.5V
and I-V measurements on various molecules within an ordered array show the
same behavior. A continuous increase is monitored, comparable to dI/dV curves
where no molecular states can be detected because their energies are above the
experimentally accessible range, as e.g., in the alkanethiol/Au(111) system, but
for set point currents above ISet = 0.325 nA a peak feature appears at an energy of
E3 = 1.0 eV. To get more dI/dV data for this voltage range, CITS measurements
were performed on a bunch of molecules at set point currents of ISet = 0.525 and
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0.625 nA. They show exactly the same peaks for negative as well as for positive
voltages, including the peak at E3 = 1.0 eV with the for CITS typical narrow
peak width. Thus, the feature at +1.0V is assumed to be the LUMO which shifts
inside the detectable voltage window for small tip-sample distances due to the
applied electric field. Figure 7.20 shows a dI/dV curve (cyan line) taken from the
CITS image done at ISet = 0.625 nA.
To get further information about the nature of the detected orbitals and to get a
survey of the unoccupied state energies the LDOS (calculated by DFT methods)
is plotted in addition to the experimental data in Fig. 7.20.
Figure 7.20: (a) Calculated LDOS of an o-PCA molecule chemically bonded to the
Cu(110) surface. The red line represents the contributions of the states with a π-type
character, while the black line represents the states with a σ-type character. Addition-
ally shown is an experimental dI/dV spectrum (cyan) taken from a CITS measurement
on o-PCA molecules on Cu(110) at a set point of VSet = 1.0V and ISet = 0.625 nA.
(b) Charge density plots of the electronic states of o-PCA in a specific energy range
corresponding to the LDOS displayed in (a).
Both experimentally detected occupied molecular orbitals appear in the calculated
LDOS with comparable energies. They are σ-type orbitals and can be related with
the help of the isosurface plots (Fig. 7.20(b)) to the carboxylate/Cu interface
states (E2) and to the nitrogen atom (E1). The first occupied π-orbital appears
at an energy of −2.4 eV in the calculated LDOS and is thus not accessible within
the experiment. It is related to the pyridine ring and its electron density distribu-
tion is spreed over large parts of the molecule due to the delocalized π-system of
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the ring. That applies also for the first unoccupied molecular orbital. The broad
π∗1-type molecular orbital peak is located around E = 2.0 eV with a first maximum
at 1.8 eV. This is just outside the experimental measurement range. Comparing
these calculated LDOS investigations with the experimentally observed curve pro-
gression suggests the following. The σ1-orbital is localized on the benzoate group,
close to the copper surface, and a very small tip-sample distance is needed to
detect it experimentally. This can be confirmed through the distance dependent
I-V measurements shown above. However, at these small tip-sample distances
the large electric field causes shifts in the orbital energies, especially in unoccu-
pied ones [137]. Thus, the small peak seen in experiment at 1.0 eV can monitor
the peak onset of the π∗1-orbital despite the fact that this orbital is higher in en-
ergy (without an applied electric field). Finally, the calculated LDOS displays
the experimentally observed state above the Fermi energy, denoted with σ∗(EF )
in Fig. 7.20(a) and (b). From the theoretical data the HOMO-LUMO gap of
the o-PCA/Cu system can be calculated to ΔEDFT = 3.5 eV whereas from the
experimental data only an estimation of ΔESTM > 3.1 eV is possible.
Figure 7.21: Optical absorption spectrum of o-PCA dissolved in water. The horizontal
and vertical dashed lines serve as guide to the eye to help determine the adsorption edge.
The onset position of the energetically lowest adsorption band leads to an optical gap
of ΔEopt ∼ 3.7 eV in the liquid phase.
The calculated data for the HOMO-LUMO gap are roughly cross-checked with
the size of the optical gap measured by UV-VIS spectroscopy. For this purpose
o-PCA was dissolved in H2O (c = 1 · 10−3mol/l). The optical gap of o-PCA is
derived from the onset of the energetically lowest adsorption band with a value
of ΔEopt ∼ 3.7 eV, as displayed in Fig. 7.21. This is in accordance with the
calculated data because to compare both gap sizes an exciton binding energy EB
has to be added to the optical gap, typical values for this are between EB = 0.1
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and 1.5 eV [134], and the influence of the chemical adsorption of the molecule on
the surface has to be taken into account, too.
Beside the LDOS investigations, transition voltage spectroscopy was performed to
characterize the electronic transport properties of the o-PCA/Cu system. The first
linear and above a certain threshold voltage exponential shape of the I-V curves
(compare Fig. 7.19(a)) points to the existence of different tunneling mechanisms
within the measured voltage window. Thus, the measured I-V data were replotted
as ln(I/V 2) vs. 1/V , separately for the positive and negative bias voltage regime,
and displayed in Fig. 7.22.
Figure 7.22: Folder-Nordheim plots of the measured current-voltage data set of o-PCA
on Cu(110). The 1/V vs. ln(I/V2) diagram is divided in a plot for the negative (a)
and the positive (b) bias voltage regime. Shown are different curves corresponding to
different set point currents, starting at ISet = 0.125 nA (brown) and going to ISet =
0.625 nA (cyan). Vtrans is determined from the minimum of the Fowler-Nordheim plots
and marked with dashed lines.
The voltage required to change the functional dependence of current on the applied
voltage (Vtrans) is determined from the minimum of every curve and the transition
voltages for the complete current-voltage data set measured are listed in table 7.4.
Comparing the transition voltage values for different set point currents but for the
same bias polarity points out that there is a decrease in the data for negative bias
values. For set point currents of ISet = 0.125 nA the transition point occurs at
Vtrans = −1.25V whereas at smaller tip-sample distances, e.g., at ISet = 0.525 nA,
the transition point is found at smaller voltages. This behavior is in accordance
with that visible in the LDOS, where a slight shift of the occupied molecular
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orbital related peak E1 is monitored. This area is marked in gray in Fig. 7.19 (b).
Additionally, the peak at E2 appears slowly in the LDOS spectrum with decreasing
tip-sample distances due to its localized orbital structure and thus its accessibility
for MO mediated transport increases as a function of tip position. For positive
sample bias voltages the transition point values fluctuate around Vtrans = 0.81V.
Keeping in mind that the transition point is the lowest limit for MO mediated
transport [132] the positive transition point reflects the small peak appearing in
the LDOS at positive bias voltages as MO mediated.
ISet [nA] 0.125 0.225 0.325 0.425 0.525 0.625 xarithm
Vtrans(neg) [V] -1.25 -1.08 -1.02 -1.06 -0.97 -0.91 -1.05
Vtrans(pos) [V] 0.85 0.80 0.82 0.76 0.85 0.76 0.81
Table 7.4: Compilation of the calculated Vtrans values for all measured I-V curves.
Additionally, the arithmetic mean of Vtrans is listed in the last column.
As already seen in the plotted I-V data (Fig. 7.19(a)) of o-PCA on the Cu(110)
surface the current rises with increasing set point current. This has been explained
in general by a decreasing tip-sample distance and thus with a higher junction
conductivity. In the case of BCA and BDCA a more detailed description of the
dependence of the current on the tip-sample distance, i.e., of the potential barrier
profile of the junctions, was given dependent on the junction geometries, the
weighting factor η and the HOMO and LUMO energies related to the Fermi energy.
Due to the ambiguous situation of the LUMO peak in experiments for o-PCA an
alternative way was chosen to examine the dependency of the current and it is
presented in the following paragraph.
7.5.2 Current vs. distance spectroscopy
Current-distance (I-z) spectroscopy is an established method to characterize the
chemical characteristic of a molecule/metal system and the local electronic charge.
Here I-z spectroscopy was performed, as described in section 3.3.2, on regular
structures of pyridine-2-carboxylic acid on Cu(110), as imaged in Fig. 7.18. The
curves reported here are taken by first retracting the tip and then approaching
it towards the sample surface while simultaneously measuring the current. Thus,
the x-axis is a relative axis where the origin denotes the position of the tip at
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the tunneling set point parameters (ISet = 0.26 nA and VSet = 1.28V). Negative
displacements represent an increase in tunneling distance (i.e., the tip is retracted),
and positive displacements a decrease in tunneling distance (i.e., the tip is moved
towards the sample). Figure 7.23 shows a characteristic graph of I-z measurements
for o-PCA plotted on a semi logarithmic scale. At large tip-sample distances,
below −0.3 nm, the detected tunneling current is lower than the noise level of the
preamplifier.
Figure 7.23: Current-distance spectroscopy of o-PCA molecules chemically bonded
on a Cu(110) surface. The origin of the x-axis corresponds to the tunneling set point
parameters (ISet = 0.26 nA and VSet = 1.28V). The slopes of the current in the semi
logarithmic plot reflect the current-decay parameters (β) and are material dependent.
Between −0.3 and −0.1 nm the current fluctuates due to an unstable tunneling
contact at these large tip-sample distances. These features are setup related and
often seen in I-z characteristics measured at room temperature. Above −0.1 nm
the tunneling contact is stable and three different domains can be identified within
this I-z characteristic. All parts show a logarithmic dependency of the current I
on the distance z and differ only in the slope of the function ln(I) = f(z). In the
first domain, up to 0.08 nm, a steep increase in current is visible. Due to the fact
that at this position the tip moves through the vacuum gap the proportionality
of ln(I) and z can be explained by a simple 1D tunneling model as described by
Simmons [29]. For large barrier heights and small barrier widths as well as for
low and intermediate voltages the current-voltage dependence can be described by
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the Wentzel-Kramers-Brillouin (WKB) approximation for an 1D square potential
barrier:
I ∝ V exp
(
−2
√
2m∗

√
ΦBz
)
(7.9)
and
β =
2
√
2m∗

√
ΦB (7.10)
valid for eV 
 ΦB, where e is the electron charge, V the applied bias voltage,
ΦB the apparent barrier height, m
∗ the effective electron mass, z the tip-surface
distance,  the reduced Planck constant, and β the tunneling decay constant.
The slope of the semi logarithmic plot on the recorded tunneling current versus
tip displacement is hence proportional to the tunneling decay constant of the
respective material. Linear curve fitting on the experimentally obtained curve
slope leads here to a tunneling decay constant of βV ac = 23 nm
−1 for the first part
of the I-z curve. Using equation (7.9), βV ac = 23 nm
−1 and m∗ = me (for metals),
a value for the apparent barrier height of ΦB(V ac) = 5.04 eV results, which is in
the typical range for metallic surfaces [140].
At a tip displacement of 0.08 nm a kink appears in the I-z curve, monitoring
the contact point where the tip touches the molecular layer, and the slope is
reduced. The slope stays almost constant up to a distance of 0.38 nm and increases
again behind this point. The second domain has a length of around 0.31 nm
and can be related to the pyridine moiety of the molecule. The tunneling decay
constant can be calculated to βPyridine = 3.9 nm
−1. This decay constant value for
the pyridine moiety ranges between the literature values of the ferrocene moiety
(∼ 2.8 nm−1) [38] and of the phenyl moiety (∼ 4.2 nm−1) [141]. Deducing the
apparent tunneling barrier height for the pyridine moiety ΦB(Py) with the same
approach as used above, results in values smaller than 0.3 eV depending on the
exact value of m∗. However, this value of ΦB(Py) implies that equation (7.9) is
no longer applicable here, since eV > ΦB(Py) for the majority of the applied bias
voltages. Remaining in the simple tunneling model, reported by Simmons, this
new situation with an applied voltage higher than the potential barrier is equal
to a triangular barrier whose properties are changed with increasing voltage. In
this case the tunneling current can be described by
I ∝ V 2 exp
(
−4
√
2m∗
3eV
ΦB
3/2z
)
(7.11)
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and
β =
4
√
2m∗
3eV
ΦB
3/2. (7.12)
Assuming m∗ = me, and inserting βPyridine = 3.9 nm−1 in equation (7.12) leads to
a value of ΦB(Py) = 0.82 eV for the apparent tunneling barrier height. This value
is still low but in good agreement with the value Vtrans obtained by transition
voltage spectroscopy (compare paragraph 7.5.1) which describes the onset value
for molecule mediated tunneling in the system. Within the Simmons model used
here Vtrans is proportional to ΦB, as deduced by Beebe et al. [127].
A third domain is visible in the I-z characteristic of o-PCA molecules on Cu(110)
(Fig. 7.23) between a tip displacement of 0.38 nm and 0.7 nm. Above this point
the current amplifier limited the tunneling current. The slope in this third domain
leads to a β value of ∼ 11.4 nm−1 and can be related to the bonding carboxylate
moiety, and there are points that corroborate this. First, the length of a pyridine-2-
carboxylate molecule chemically bonded to the Cu(110) surface is around 0.79 nm
(including an O-Cu bond length of 0.194 nm) for an upright molecule configura-
tion. Now excluding the top C-H bond and the ring structure (∼ 0.31 nm) which
the tip has already “crossed” leads in a rough estimation to a tip-Cu distance
of 0.37 nm as the starting point of the third domain. The measured length of
the third domain is shorter and thus can display the bonding carboxylate moiety.
Second, the value of the tunneling decay constant in this area is large compared
to that of the pyridine moiety, equivalent to a larger barrier height. Indeed, this
barrier heightening reflects the PCA/Cu interface geometry. As described in de-
tail for the BCA/Cu interface in paragraph 7.3.2.2, a dipole moment is induced at
the carboxylate/Cu interface and causes an additional barrier added to the work
function of the Cu(110) surface.
7.5.3 Theoretical predictions for the LDOS of the PCA isomers
As mentioned at the beginning of this section, pyridinecarboxylic acid has three
isomers among which pyridine-2-carboxylic acid (ortho) was experimentally inves-
tigated here. However, the experimental differential conductance curves confirm
the calculated LDOS with such a high accordance that it can be assumed that the
calculated LDOS for the other two isomers are good predictions for the electronic
structure of these systems. Figure 7.24 shows the calculated LDOS plots for all
three isomers. The first molecule is the experimentally investigated pyridine-2-
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Figure 7.24: Calculated LDOS for the three different PCA molecule configurations
chemically bonded to the Cu(110) surface. The red lines represent the contributions
of the states with a π-type character, while the black lines represent the states with
a σ-type character. The first molecule is the experimentally investigated pyridine-2-
carboxylic acid followed by pyridine-3-carboxylic acid and by pyridine-4-carboxylic acid.
Comparing the three isomers shows a slight reduction of ΔEDFT caused by a shift of
the occupied σ2 level towards the Fermi energy.
carboxylic acid (ortho-PCA) followed by pyridine-3-carboxylic acid (meta-PCA)
and by pyridine-4-carboxylic acid (para-PCA). Displayed are the relevant MO en-
ergies around the Fermi energy and the energy gap ΔEDFT for the ortho-PCA.
Comparing the three isomers a constant energy for the unoccupied molecular π∗1-
orbitals and for the occupied σ1-orbital is found. Furthermore, a characteristic
shift of the occupied σ2- and π1-orbitals towards the Fermi energy with increasing
distance between the position of the inserted N atom and the Cu surface is ob-
served. Thus, it can be summarized that the LDOS and consequently the energy
gap ΔEDFT is dependent on the position of the insertion of the nitrogen atom in
the ring.
7.6 Pyridinedicarboxylic acid
Pyridinedicarboxylic acid (PDCA) is a combination of BDCA and PCA. Starting
from the BCA molecule an additional carboxylic acid moiety is inserted in the
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para position of the phenyl ring and additionally one CH group in the aromatic
six-membered ring is substituted through a nitrogen atom. Here pyridine-2,5-
dicarboxylic acid (PDCA, C5H3N(COOH)2) was chosen for investigations. The
molecule should adsorb on the Cu(110) surfaces in the same way as benzenedi-
carboxylic acid, with one carboxylic group deprotonated and bonded and the
other one pointing towards the vacuum interface because of the equivalent an-
choring groups. Due to the fact that PDCA can chemisorb in principle with
both carboxylic groups on the Cu(110) surface two molecule configurations are
possible in the PDCA/Cu system. Therefore, it is differentiated in the following
between C7H4N
(2)O4, describing a PDCA with the nitrogen on position two in
the ring (counting the ring atoms from the carbon atom located at the bonded
carboxylate unit), and C7H4N
(3)O4, denoted as configuration {1} and {2}. Ex-
perimentally there is no possibility to influence the orientation of the molecule
during the adsorption process, or to monitor topographically which configuration
is preferentially adsorbed.
Distance dependent current-voltage spectroscopy was performed on pyridine-2,5-
dicarboxylic acid on Cu(110) surfaces to get information on the electronic proper-
ties in terms of the tunneling mechanism, the LDOS and the HOMO-LUMO gap.
The experimental differential conductance curves will be compared with the cal-
culated LDOS in the following. These theoretical investigations give astonishing
insights into the electronic structure of PDCA and the focus of this paragraph is
set on the identification of submolecular structures by combining experiment and
theory.
7.6.1 Current vs. voltage spectroscopy
Distance dependent current-voltage spectroscopy was performed on close-packed
molecular structures of pyridine-2,5-dicarboxylic acid SAMs. A high resolution
topography scan (1.8× 1.09 nm2, ISet = 0.3 nA, VSet = 1.5V) collected before a
series of spectroscopy measurements is shown in Fig. 7.25(a). The interatomic
distance of nearest neighbor molecules is here a ≈ 0.39± 0.04 nm. Figure 7.25(b)
shows the results of a series of I-V measurements collected at various tip-sample
distances. All curves were collected at a set point voltage of VSet = −2.0V but the
set point currents were chosen between ISet = 0.10 and 0.60 nA. Every plotted
curve is the average of ten curves taken on the same molecule and is identical
110
7.6 Pyridinedicarboxylic acid
with other curves obtained for molecules spread over samples. A relatively large
voltage window of VSweep = ±3.0V was found for the detection of PDCA molecules
compared to, e.g., PCA molecules as investigated in the last section.
Figure 7.25: (a) High resolution STM topography scan of PDCA molecules ordered in
a close-packed structure of standing-up molecules on the Cu(110) surface. The scan size
is about 1.8× 1.09 nm2, scanned with tunneling set point parameters of ISet = 0.3 nA
and VSet = 1.5V and the interatomic distance of nearest neighbor molecules is here
a ≈ 0.39± 0.04 nm. (b) I-V spectra taken on the PDCA molecules in dependence of the
set point current. Some of the appearing kinds within the I-V curves are highlighted
through black arrows.
Comparing the different curves shows that they are asymmetric, showing a steeper
increase of the tunneling current at positive bias voltages. Furthermore, kinks are
visible in the curve shape but the positions and forms are irregular and not the
same for curves detected with different set point currents. The situation of the
peak shape gets clearer when numerically calculating the differential conductance
dI/dV for the measured I-V data. The kinks appear now as conductance peaks,
related to the molecular orbital energies, but still no accordance is visible between
all curves. Starting from a set point current of ISet = 0.1 nA and going to 0.3 nA,
an accretion of defined peaks in the dI/dV spectra can be measured. The peaks
do not change their shape or their energy. This means that at this large tip-
sample distance the STM detects the same molecular orbitals. Further increasing
ISet causes changes in the number of monitored peaks as well as changes in their
intensity and energetic position until at 0.7 nA the tip causes irreversible changes
in the molecular layer. It is not possible to coherently explain the differences in
the orbital energies only through a shift of MO energies in the applied electric
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field and other effects are assumed to cause these shifts.
7.6.1.1 Electronic mapping of molecular orbitals
Parallel to these experimental investigations, theoretical ab initio total-energy cal-
culations had been performed in the framework of the DFT on the PDCA/Cu(110)
system by V. Caciuc and N. Atodiresei. These calculations show that, in the case
of the PDCA molecule, four different adsorption geometries must be taken into
account due to their different adsorption energies. Beside the above mentioned
two adsorption configurations {1} and {2}, different conformers may exist on
the surface due to possible intramolecular interactions because of the presence of
the nitrogen atom in the aromatic ring. If the PDCA molecule adsorbs in con-
figuration {2} on the surface, the orientation of the COOH top group becomes
important and three conformations are conceivable. The conformers {2a} and
{2b} differ through a rotation of the COOH group around the C-C bond between
ring and carboxylic group. On the other hand the conformers {2b} and {2c} dif-
fer through a rotation of the hydroxyl (OH) group around the C-O bond within
the carboxylic group. Comparing the different adsorption geometries, in terms of
their adsorption energies, leads to a PDCA adsorbed in conformation {2c} onto
the surface as ground state. It exhibits a hydrogen bond between the carboxylic
group and the nitrogen atom of the aromatic ring. However, the other metastable
conformations without a hydrogen bond are with 120meV ({2a}) and 190meV
({2b}) slightly higher in energy, with respect to the ground state configuration
{2c}. Furthermore, the calculated adsorption energies of the C7H4N(2)O4 ({1})
and C7H4N
(3)O4 {2a} configurations are practically identical and are similar to
those reported for other molecules that adsorb via carboxylate groups on the
Cu(110) surface [21,142,143].
Figure 7.26 shows the LDOS calculated for the four possible adsorption geome-
tries related to the position of the nitrogen atom and the H atom of the carboxylic
group. Also presented is the spatial distribution of the charge density in a spe-
cific energy range associated with the molecular LDOS for the conformation {2a}.
Close to the Fermi level the LDOS shows three occupied σ-orbitals which can be
related, with the help of the charge density plots, to the carboxylic top group (σ3),
the nitrogen atom in the ring (σ2), and the binding carboxylate group (σ1). For
the bonding σ1 and the antibonding σ
∗
1 states, the charge density is mainly local-
ized on the carboxylate group (COO−) leaving the top carboxylic group (COOH)
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Figure 7.26: (a) Calculated LDOS of a PDCA molecule chemically bonded to the
Cu(110) surface in four possible configurations: C7H4N
(2)O4, C7H4N
(3)O4 {2a} with
the H atom of the carboxylic group pointing up, C7H4N
(3)O4 {2b} with the H atom
pointing up above the nitrogen atom, and {2c} with the H atom pointing down towards
the N atom. The red line represents the contributions of the states with a π-type
character, while the black line represents the states with the σ-type character. (b)
Charge density plots of the electronic states of C7H4N
(3)O4 {2a} in a specific energy
range corresponding to the LDOS depicted in (a).
at the vacuum interface with no charge contribution. This charge density localized
between the bonding carboxylate functionality and the copper surface illustrates
the interaction of the orbitals of the molecule with the d -band electrons of the
copper, as similarly described for BCA, BDCA, and PCA. Furthermore, the LDOS
calculations show three π-orbitals which are all predominantly located at the pyri-
dine ring. From the electronic point of view, the presence of nitrogen in conjugated
heterocyclic molecules lowers their π-orbital energies while some of the σ-orbitals
are pushed to higher binding energies. This feature can be seen for all adsorption
geometries shown in Fig. 7.26(a). One can also observe that the hydrogen bond
(configuration {2c}) shifts the σ3-orbital to lower binding energies. As a general
observation, the carboxylate group of PDCA is involved in all bonding molecular
states like π1 and σ3 to σ1.
For an interpretation of the experimental data of the PDCA molecules all dI/dV
curves were plotted separately and compared with the calculated LDOS for the
four different adsorption geometries. Due to the fact that all detected peaks are
the same between ISet = 0.1 and 0.3 nA the interpretation starts at 0.3 nA.
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At first, a description of the unoccupied molecular orbitals, e.g., σ∗1, π
∗
1, and π
∗
2,
will be given here and an analysis of their behavior in dependence of the set
point current. At 0.3 nA a first peak at +1.5V and at 0.4 nA the appearance
of a second peak at around +2.3V are observed. With increasing current, both
peaks then shift to lower energies whereas σ∗1 is not detectable. By combining
the experimental peak energies with the LDOS calculations for the four possible
adsorption geometries of the PDCA molecules (Fig. 7.26(a)), it can be concluded
that the first appearing peak is related to the π∗1-orbital and the second one to
the π∗2-orbital. Comparing the isosurface plots (Fig. 7.26(b)) of these two orbitals
reveals that in all geometries the π∗1-orbital has an extension at the carboxylic top
group whereas the π∗2-orbital is located mostly at the aromatic ring. Accordingly,
if the tip is moved towards the sample, first the π∗1-orbital and then the π
∗
2-orbital
should be detected, which is indeed the case. At closer distances the electric field
of the tip causes the shift of these orbitals to lower energies as reported also for
other π-conjugated systems [137]. Furthermore, the isosurface plots show a loca-
tion of the σ∗1-orbital direct at the copper surface, explaining that no detection
is possible within the current window of experiment. From the analysis of the
unoccupied MOs no differentiation between different adsorption geometries can
be made. All LDOS fit more or less to the experimental dI/dV curves, visible on
the right hand sides of the spectra in Fig. 7.27.
The occupied molecular orbitals , e.g., π1, σ3, σ2, and σ1, show a more complex
behavior depending on the set point current. At ISet = 0.3 nA two peaks are
detectable in the experimental dI/dV spectrum beside the unoccupied π∗1-orbital
peak. The first peak appears as a sharp peak at around −2.6V whereas the second
one, at around −1.75V, is broad and could be caused by monitoring two molecular
orbitals. Comparing the isosurface plots leads to an expected appearance of the
σ3-orbital, of the σ2-orbital in lower intensity, and eventually of the π1-orbital at
this tip-sample separation. Analysis of the top group related σ3-peak shows that
the experimental data do not fit to geometry {1} and {2b}. These geometries can
be excluded as the starting configuration of the PDCA molecules under investi-
gation. With this we can conclude that the PDCA molecules are not adsorbed
in configuration {1}. The two remaining conformations are both consistent with
the experimental data (see Fig. 7.27(a)). In the case of conformation {2a} both
orbitals σ3 and σ2 can be assigned to the broad peak, whereas in conformation
{2c} the energies of σ3 and π1 are the same. At this set point, only the orbitals
located in the upper part of the PDCA molecule are monitored. Decreasing the
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Figure 7.27: Experimental dI/dV spectra acquired on PDCA molecules on Cu(110)
with varying current set points at VSet = −2.0V and calculated LDOS with the σ- and
π-orbitals marked in black and red. With increasing set point current (a-d) the PDCA
molecules change their conformations. Outlined in the schematic plots on the right are
the molecular parts detected as a function of tip height.
tip-sample distance, i.e., increasing ISet to 0.4 nA, results in dI/dV spectra plotted
in Fig. 7.27(b). Three occupied MOs are visible in the experimental spectrum.
The peak at high negative energy, corresponding to the π1-orbital, stays constant,
whereas the σ2-peak gets sharper at slightly lower negative energy. In between
these peaks a new peak can be detected at around −2.2V. Comparing again the
LDOS calculations with the measured data and considering the shape of the MOs
as revealed by the isosurface plots it can be concluded that conformation {2a} is
not compatible with the measured dI/dV curves whereas conformation {2b} fits
best. The middle peak is identified to be the σ3-orbital. In the case of molecules
like PDCA, a changing of conformations in dependence of the set point current
is possible because the carboxylic top group can rotate around the C-C bond.
Thus, experimental data point to a rotation in the presence of the applied elec-
tric field from conformation {2a} to {2b}. The dI/dV spectrum at ISet = 0.5 nA
shows a convergence of the π1 and the σ3 peak and they are recorded with high
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intensity at −2.7V. The conformation which fits best to the experimental data is
here conformation {2c}, shown in Fig. 7.27(c). This again points to a rotation,
in the way that the H atom of the top carboxylic group rotates around the C-O
bond. Further lowering the tip position (0.6 nA) results in dI/dV curves reflecting
also the molecular orbital located at the binding carboxylate group, i.e., σ1 (Fig.
7.27(d)). This σ-type orbital is localized near the Cu(110) substrate and has an
energy close to the Fermi energy.
Compiling the results of the detailed single set point analysis concerning the ad-
sorption geometries shows that two interpretations are possible. A first possibility
is that the investigated PDCA molecules are adsorbed in the stable conformation
{2c}, with a hydrogen bond between the carboxylate top group and the nitrogen.
In this case the dI/dV spectra at ISet = 0.4 nA can not be fully explained by
the present data. The second possibility is a combination of different conforma-
tions which are converted by rotations of the atoms of the carboxylic top group.
Starting with conformation {2a}, the top carboxylic group rotates with increasing
electric field, resulting in conformation {2b} at ISet = 0.4 nA. The hydrogen atom
is then located above the nitrogen atom and due to interactions, caused by the
increasing electric field, the H atom of the carboxylic top group flips around the
C-O bond. The molecule ends in conformation {2c} at ISet = 0.5 nA. Recent
publications have shown that a configurational change of a molecule on a metal
surface can be imaged by STM [144, 145] and that a rotation of molecules in an
increasing electric field can be monitored by a sequence of STM images [146].
Consequently, the change of electronic properties related to different adsorption
geometries can be monitored by STS, as reported here.
In summary, this proves that distance dependent I-V spectroscopy can not only
map the molecular orbital energies of the PDCA/Cu(110) system but also the
spatial distribution of the different orbitals. While delocalized states like the un-
occupied π-orbitals are monitored over a range of set points, the in plane localized
σ-orbitals are observed at specific set points. Thus, combining DFT calculations
and distance dependent STS enables an electronic mapping of molecules con-
nected to a metal surface. Furthermore, the LDOS calculated for PDCA bonded
to a metallic surface is used as a fingerprint for analyzing their adsorption geome-
tries.
Additionally to the here intensively discussed I-V curves of PDCA on Cu(110)
recorded with a negative tunneling voltage set point of VSet = −2.0V the same
116
7.6 Pyridinedicarboxylic acid
data set was measured with a positive tunneling voltage set point of VSet = 2.0V
on the same molecules. An identical analysis, separately comparing occupied and
unoccupied molecular states for different set point currents was done and shows
a complementary molecular behavior. Plotting the experimental data together
with the calculated LDOS for the different adsorption geometries above the Fermi
energy shows the same peak appearance and no differentiation between different
adsorption geometries can be made. All LDOS curves fit more or less to the exper-
imental dI/dV curves. Comparing the experimentally observed peak positions for
the occupied MOs shows that other adsorption geometries are monitored as in the
case above described. Configuration {1} (C7H4N(2)O4) can be excluded directly
because the LDOS does not fit to the measured peak positions. Furthermore, con-
formation {2c} (H-bond between the hydrogen atom of the top carboxylic group
with the nitrogen atom of the ring) has to be excluded for all measured tip-sample
distances because either the σ2- or the σ3-orbital peak are not in accordance with
the theoretical data. Conformation {2b} does not fit to the differential conduc-
tance curves at large tip-sample distances (ISet ≤ 0.3 nA) but at smaller ones
and then it is the best fitting conformation. On the contrary, conformation {2a}
fits for large distances but for smaller ones the experimental data could only be
described when including a large shift of all orbital energies. Compiling the re-
sults of the detailed single set point analysis concerning the adsorption geometries
shows again a conformation change in presence of the electric field. Starting with
conformation {2a} the top carboxylic group rotates with increasing electric field,
resulting in conformation {2b} at ISet = 0.4 nA. This conformation is then stable
up to small tip-sample distance. This different behavior for positive and negative
tunneling set point voltages is coherent because the set point voltage is applied
directly before and after every voltage sweep. This means that in the case of
positive set point voltages VSet the tip is negatively charged before every I-V mea-
surement and the measurement starts at positive bias voltages. Accordingly the
hydrogen atom of the top carboxylic group will be attracted by the tip and points
up.
7.6.1.2 The HOMO-LUMO gap
Since the LDOS near the Fermi level primarily defines the electronic transport
through a metal/molecule/metal junction at small vacuum sizes the HOMO-
LUMO gap is an important value to compare the electron transport properties
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of different molecules within the same junction geometry. Due to the different
adsorption geometry slightly different HOMO-LUMO gaps are found for pyridine-
2,5-dicarboxylic acid on the Cu(110) surface. Due to the fact that the experimen-
tally observed peaks match with the calculated ones table 7.5 summarizes these
values and the mean value ΔEDFT = 3.08 eV is used in the following in order to
compare the electronic transport properties of different molecules by use of the
energy gap size.
adsorption geometry HOMO (σ2) [eV] LUMO (π
∗
1) [eV] ΔEDFT [eV]
{2a} -1.70 1.43 3.13
{2b} -1.59 1.45 3.04
{2c} -1.63 1.45 3.08
xarithm - - 3.08
Table 7.5: Compilation of the HOMO and LUMO energy values as well as of the
energy gaps for all measured adsorption geometries. Additionally, the arithmetic mean
of ΔEDFT is listed in the last row.
7.7 Mixed Monolayers
Mixed monolayers play an important role for further applications of molecule/metal
systems because, among others, single functional molecules can be inserted in an
inert molecular layer and thus can be addressed very precisely. Furthermore, mo-
lecules which do not form monolayers by themselves can be integrated. Thus,
functional monolayers can be achieved which are structurally better, more repro-
ducible and which show less defects. Finally, diverse approaches have shown that
the mixture of two molecules offers the chance for the formation of supramolecular
units and hybrid structures with new and interesting properties [5,147]. As men-
tioned in the introduction of this chapter, carboxylic acid molecules could work
either as active layer themselves or as matrix system for the insertion of functional
molecules, e.g., redox- or light-active molecules. The possibility to fabricate mixed
monolayers where a small amount of molecules is embedded into a SAM matrix of
an other molecule type was tested for the carboxylate/Cu(110) system within the
scope of this work. A proof of concept is given by inserting pyridine-2-carboxylic
acid into a dense monolayer of benzenecarboxylic acid on the Cu(110) surface.
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Figure 7.28: (a) Topography of the BCA monolayer before inserting host-molecules.
Areas with c(8 × 2) structure are visible as well as close-packed defect rich areas but
all molecules have the same height. (b) Topography scan of PCA inserted into BCA.
Areas of ordered PCA molecules are visible, surrounded by BCA molecules. The PCA
appear higher in STM although the geometrical height different is negligible small. Thus,
the measured height monitors directly the difference in tunneling conductance between
the two molecules. (c) These two heights are clearly visible in the height distribution
histogram of the mixed SAM. Fitting two Gaussian peaks to the graph results in an
average height difference of 0.15 nm.
First, benzenecarboxylic acid was deposited on the Cu(110) surface, as described
in section 7.2, and topographic STM images show Cu(110) terraces with a mono-
layer coverage of uniform height. Close-packed areas as well as defect rich domains
of upright molecules are visible but all molecular structures have the same height.
Figure 7.28(a) shows a typical topography scan of the benzoate layer and the
inset shows the c(8 × 2) domain structure in high resolution. In a second step
pyridine-2-carboxylic acid was deposited on the sample and the result was inves-
tigated by STM. Figure 7.28(b) shows a STM scan of the SAM layer after PCA
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exposure where new features are visible in the molecular coverage. Domains were
imaged with molecular spots which appear brighter in the STM scan, attributed
to pyridine-2-carboxylic acid molecules. These new domains are close-packed,
highly ordered, and surrounded by small bunches of ordered benzenecarboxylic
acid molecules, as visible in the high resolution inset of Fig. 7.28(b). This points
to a combination of desorption of chemisorbed molecules and an insertion of new
molecules during the adsorption process. Alternatively, an adsorption of PCA
molecules at defect sites of the BCA layer and a reorganization of the surrounding
molecules could take place but the low number of single PCA molecules contra-
dicts this assumption. The height difference between the PCAs and the BCAs
is determined by a topography histogram (Fig. 7.28(c)) and is ∼ 0.15 nm at
a tunneling set point of ISet = 0.308 nA and VSet = 0.768V. Due to the fact
that both molecules have nearly the same geometric length (lBCA = 0.599 nm
and lPCA = 0.593 nm) the STM detects here the differences in the tunneling con-
ductance between the embedded PCA molecules and the surrounding BCA SAM.
The better conductance of the PCA molecule compared to BCA results in a higher
appearance of the PCA in STM. This shows that further investigations on this
system can deduce the current transport properties of the embedded molecules
from the STM height differences.
As described in detail in the last paragraphs (compare 7.3.2.3 and 7.5.1), the
transport mechanism within the STM based junction changes for both molecules
(BCA and PCA) from direct tunneling to molecule orbital mediated tunneling
below 1.5V. A quantitative evaluation of the conductance difference in terms of
the decay constant β is, however, only possible if the topography image is taken
at a voltage where both molecular systems have the same tunneling mechanism.
Furthermore, an adequate approximation for the relation between the decay con-
stants and the detected height difference is, up to now, only available for the
direct tunneling regime (see Ref. [36, 37, 148] and section 3.1.2) and thus contin-
uing studies on this system should be done with scan voltages of VSet < 0.5V to
get comparable decay constant values.
7.8 Conclusion
Electronic transport investigations on the carboxylate/Cu(110) system have been
successfully performed for the first time. It was possible to fabricate close-packed
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SAM of upright standing molecules for all investigated carboxylates. These struc-
tures were characterized electrically by STS and additional information could be
grained from the theoretical calculations. Here, the focus was set on investiga-
tions which study how substitution of the various carboxylates chemisorbed on
the Cu(110) surface influences the HOMO-LUMO gap.
In conclusion, it could be demonstrated that the molecular backbone and func-
tional top groups influence the HOMO-LUMO gap. The experimental differen-
tial conductance curves confirm the theoretical LDOS results and one the other
hand theoretical calculations can explain specifics in the experimentally observed
curves. For instance the LDOS around the Fermi level is precisely predicted by
DFT, as shown, e.g., in Fig. 7.6, or the absence of the σ2 peak in the experi-
mental conductance curve of BDCA due to a too small experimentally accessi-
ble voltage window can be explained by calculation (Fig. 7.15). It was found
that carboxylic top groups as well as nitrogen substituents in the aromatic ring
system lead to a reduction of the HOMO-LUMO gap. Combining both exper-
imental ways of substitution, a reduction of the energy gap size in the order
ΔEBCA > ΔEBDCA > ΔEPCA > ΔEPDCA was observed. A detailed analysis of
all molecular orbitals experimentally probed has shown that the calculated LDOS
represents a characteristic fingerprint corresponding to the substitution pattern
of the carboxylates bonded to Cu(110). With a detailed knowledge of the system
parameters it should thus be possible to make precise theoretical predictions on
the transport properties of other carboxylate species. But not only molecule spe-
cific molecular orbital distributions could be probed by STS, furthermore, it was
impressively monitored that the detection of MOs is tip-sample distance depen-
dent. The ring related π-orbitals were probed in a wide current set point range
due to their delocalized character, whereas the σ-type orbitals are located directly
at their related atom and thus were detected only in between a small distance win-
dow. A detailed distance dependent current-voltage study in combination with
energy calculations for pyridine-2,5-dicarboxylic acid has shown that it is possi-
ble to identify different adsorption configurations and conformations within one
molecule under continuously varied experimental conditions. A conformational
change of the detected molecules caused by the applied electric field between tip
and Cu substrate could be monitored. In addition, it was found that the chemical
bond formed between the respective carboxylate and the copper surface is not
influenced by the HOMO-LUMO gap of the molecule. The related occupied MO
σ1 stays at a constant energy for all molecules under investigation.
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Furthermore, it has been shown that system parameters like the tunneling junction
symmetry or the local tunneling barrier height can be extracted from I-V char-
acteristics. Within the approximations of a coherent molecular transport model,
an estimation of the absolute value of the vacuum gap size could be made for
different set point currents. Typical values for the vacuum gap sizes were found
to be between 0.4 and 0.1 nm.
The tunneling process had been further studied by transition voltage spectroscopy
and for all investigated molecule species a transition between direct tunneling at
large tip-sample distances and molecule orbital mediated tunneling for smaller
distances was found. The onset of this molecule orbital mediated tunneling is
molecule specific and follows the LDOS structure precisely.
Current-distance spectroscopy measurements were performed primarily on pyridine-
2-carboxylic acid and the tunneling decay constant of the pyridine unit was mea-
sured to βPyridine = 3.9 nm
−1.
First investigations on the fabrication of a mixed carboxylate monolayer on the
Cu(110) surface show a successful embedding of pyridine-2-carboxylic acid into a
benzenecarboxylic acid layer. Both molecules have a nearly identical geometrical
length but pyridine-2-carboxylic acid appears higher (brighter) in the STM to-
pography images of the mixed layer, confirming the smaller decay constant of the
pyridine unit compared to the already known decay constant of the phenyl unit
(∼ 4.2 nm−1).
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4(thiomorpholinomethyl) benzoic
acids on Au (111)
A further step towards an application of functional molecules is the investigation
of molecules which can be connected to different metal electrodes in a prede-
fined way. Based on the investigations of carboxylic acids which reliably bind on
Cu(110) surfaces, as reported in the last chapter, molecules with a carboxylic end
group and a second, functional end group on the other molecular side become inter-
esting. With the 2,3-dihydroxy-4(thiomorpholinomethyl) benzoic acids (TMBA)
a promising molecule was found which combines the carboxylic end group with
the well studied sulfur end group. The TMBA molecules can be connected with
the carboxylate groups to a copper surface and with the thioether groups, e.g.,
to a gold surface. Additionally, these molecules act as ligands for the building of
organometallic complexes, similar to the complexes presented in [149]. The mo-
lecules as well as various complexes were synthesized by M. Baumert [150] in the
group of Prof. M. Albrecht at the Institute of Organic Chemistry at the RWTH
Aachen University. Thus, TMBA molecules can either work as molecular diode,
asymmetrically connected between two metal electrodes, or as host-matrix for sin-
gle organometallic complexes. A schematic drawing of the ligand and a related
titanium complex is given in Fig. 8.1.
Indispensable prerequisite for these applications is a self-assembly behavior of the
ligand on one, at best on both, metal substrates and thus investigations on the
self-assembly behavior of TMBA on Au(111) surfaces will be presented in this
chapter. Additionally, the insertion behavior of TMBA molecules into an insu-
lating molecular matrix system, here octanethiol (C8), will be reported. Beside
the structural study, this chapter will give first insights on the electronic prop-
erties of the ligand system, pure as well as in the octanethiol environment. The
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STM based investigations are supplemented with XPS and UV-VIS spectroscopy
measurements.
Figure 8.1: Schematic drawing of the 2,3-dihydroxy-4(thiomorpholinomethyl) benzoic
acid (TMBA) molecule (a) and a related titanium complex (b).
8.1 Experimental details
Crystalline gold thin films with a (111)-orientation were used as templates for the
self-assembly of TMBA molecules. The gold films were fabricated by evaporation
on mica substrates as described in section 6.1. To avoid adsorbates on the gold
surface the samples were used directly after fabrication or were stored in DMF.
TMBA was synthesized and purified at the Institute of Organic Chemistry at
the RWTH Aachen University in the group of Prof. M. Albrecht [150] and was
used as received. For all studies the molecules were dissolved in DMF as mil-
limolar solution. The monolayers were prepared by wetting the gold surface with
one drop of solution. After several minutes the samples were rinsed with DMF
and immediately transferred into vacuum. The average thickness of the resulting
molecular layer is strongly dependent on the exposure time and multilayer growth
occurs when wetting the samples for several hours due to the slow evaporation of
DMF.
All UHV-STM investigated samples were prepared with a molecular exposure
time of less than five minutes, resulting in submonolayer to monolayer cover-
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ages. Additional samples for XPS analysis were prepared by wetting the sample
for 24 h to achieve molecular multilayers. For insertion experiments octanethiol
(CH3(CH2)7SH) was used as matrix molecule and employed as purchased from
Sigma-Aldrich. The gold samples were exposed to a millimolar solution of alka-
nethiol solved in ethanol for around 24 h, then immediately transferred to vacuum
and characterized by UHV-STM. After analysis, the samples were taken out of the
vacuum system and were wet with the TMBA solution for several hours. After
deposition the samples were rinsed with DMF, transferred into vacuum, and char-
acterized again. All films were investigated by imaging in constant-current mode
and electronically characterized in spectroscopy mode with UHV-STM. Home-
made electrochemically etched tungsten tips were used as STM-tips.
Photoelectron spectroscopy was performed to determine the binding chemistry,
packing density, and purity of the prepared TMBA SAMs after STM investigation.
Thus, XPS spectra were recorded with a XPS 5600 system (Physical Electronics,
USA) using a monochromatic Al-Kα X-Ray source at 13 kV and 300W. The
photoelectrons were collected by the spectrometer in normal emission geometry.
With a X-ray monochromator and a pass energy of 11.75 eV for the analyzer,
an instrumental energy resolution of 0.1 eV was achieved. The energy scale was
referenced to the Au 4f7/2 line at a binding energy of 83.7 eV. For monolayer and
multilayer samples survey and high resolution spectra of the S 2p, C 1s, O 1s and
Au 4f region were recorded.
Additionally, UV-VIS adsorption measurements were done on the TMBA mole-
cules dissolved in DMF as millimolar solution.
8.2 Structure characterization of TMBA monolayers
First, pure monolayers of TMBA are investigated by STM and STS as well as by
XPS. In Fig. 8.2 a characteristic STM scan of a TMBA self-assembled monolayer,
prepared with a molecular exposure time of 2min, is shown. The topographic
survey scan shows the typical terrace character of the gold surface and a molec-
ular coverage of slightly below one monolayer. Three types of domains can be
distinguished on the surface: one with a disordered arrangement of TMBA mo-
lecules, denoted as “A” in the following, one with a striped pattern (“B”), and
a third domain type with a solid like surface (“C”). Ordered areas are localized
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between disordered areas and striped pattern can be found everywhere on the
sample whereas the solid type areas are often connected to step edges. Topog-
raphy scans with a smaller scan size show the different domains in more detail
and allow a further characterization in case of domain structures, unit cells, or
molecular superstructures.
Figure 8.2: 90× 90 nm2 large STM topography scan of a TMBA self-assembled mono-
layer grown on a crystalline Au(111) surface (exposure time: 2min). Monitored are
several gold terraces and three different domain types, denoted as “A”, “B” and “C”.
The TMBA molecules form disordered structures (A), structures with a striped pattern
(B) and solid type domains structures (C).
Thus, Fig. 8.3(a) shows a STM topography scan with a size of 67× 67 nm2.
Three different domain types are visible again but now a histogram and height
profiles can monitor further differences in the molecular structures. The height
profile in Fig. 8.3(b) displays a height difference between the two terraces of
0.24 nm, equal to an atomic gold step height. A second step is measured to be
0.14 nm between the striped pattern area and the solid type domain. This height
difference is associated with a domain boundary between lying-down and standing-
up molecules, as described in [79, 151] for the comparable alkanethiol/Au(111)
system. Accordingly, domains of type “B” consist of lying-down molecules and
type “C”domains of standing-up molecules. A height distribution histogram (Fig.
8.3(c)) of the scanned area shows three distinct peaks equivalent with the presence
of three different heights within the scanned area. Fitting Gaussian peaks to the
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Figure 8.3: (a) STM scan of the TMBA monolayer surface on Au(111). The scan
is taken over an area of 67× 67 nm2 with tunneling parameters of ISet = 0.46 nA and
VSet = 0.36V. (b) Height profile along line 1, marked in (a), showing a terrace height
of one gold layer and the height difference between lying-down and standing-up mole-
cules. (c) Histogram showing again the surface heights but additionally the peak width
distribution. (d) Second height profile which shows that the disordered and the striped
structures have the same height and that the hole in the upper layer is one gold atom
deep (0.24 nm).
graph results in an average height difference of 0.24 nm between the first and the
second peak and 0.14 nm between the second and the third one which verifies the
heights measured in the line scan. Thus, the first peak is related to the striped
and disordered areas on the lower molecule terrace, the second peak to the striped
and disordered areas of the higher terrace, and the third peak is related to the
solid type domains. Additionally, the peaks have different width distributions
which indicates larger height fluctuations in the lying-down than in the standing-
up phase. A second height profile (Fig. 8.3(d)) across an area of lying-down
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molecules forming the line pattern (“B”) and a disordered area (“A”) shows no
height difference and accordingly the disordered domains consist also of lying-
down molecules. Finally, the second line scan crosses a small hole in the upper
terrace with a depth of 0.24 nm. This height corresponds exactly to one atomic
gold step and due to the fact that the bottom of the hole is covered with molecules
it can be identified as so called “etch pit”. These etch pits, or vacancy islands,
are a common feature seen for sulfur coupled molecules on (111)-oriented gold
surfaces [20]. They are formed during the molecular assembly process when the
herringbone reconstruction of the gold surface is lifted due to the formation of
chemical or coordination bonds between the thioether head groups and the gold
surface.
The presence of etch pits on the surface initiates further studies regarding the
interaction between the TMBA molecules and the gold surface. The presence
of etch pits indicates strong interactions between the molecules and the sample
but their number and size is significantly smaller than for alkanethiol or dialkyl
disulfide SAMs. Due to the sulfur end group on one side of the TMBA molecule
the main interaction between molecule and gold surface will be on this side. In
principle there are two possibilities for the TMBA molecule to adsorb on the
surface. Either it can chemisorb on the surface by a dissociated adsorption process
related to the cleavage of the S-C bond in one of the dialkyl sulfide sidearms,
leading to a gold bound thiolate such as those formed from alkanethiols and dialkyl
disulfides, or by an adsorption without dissociation such as for dialkyl sulfides.
Furthermore, it can physisorb on the surface like dialkyl sulfides in low-coverage
structures [83].
8.2.1 XPS analysis
To reveal the interactions between TMBA molecules and the gold surface XPS
spectra were performed on TMBAmono- and multilayer samples. Figure 8.4 shows
an overview of the substrate/molecule related XPS core level spectra. Explicitly,
part (a) shows the XPS spectrum in the Au 4f region with the main peak at 83.7 eV
which is used for calibrating the binding energy as a system standard.
XPS core level spectra in the S 2p region of the TMBA monolayer on Au(111) were
taken to get detailed information on the bonding situation of the sulfur head group.
A strong triplet peak was detected for the TMBA monolayer with components at
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160.9 eV, 161.8 eV, and 162.9 eV. Each of these sulfur 2p components consists of a
S 2p1/2/S 2p3/2 doublet separated by 1.18 eV with an intensity ratio of 1:2 [152].
Figure 8.4: High resolution XPS spectra of a TMBA monolayer and a TMBA multi-
layer on Au(111). The Au 4f core levels (a) have their main peak detected at 83.75 eV
and are used for calibration. The S 2p core level spectra (b) show a broad multi peak
which is related to three components at energies of 160.9 eV, 161.8 eV and 162.9 eV. An
additional peak is detected at 165.1 eV only for the multilayer and can be related to
intermolecular interactions (C-O-H··S) inside the multilayer. The TMBA related C 1s
core levels are shown in (c) with a main peak, related to the C-C and C=C bonds at
284.4 eV, and a second peak, related to the C-S-C bond inside the molecule at 286 eV.
After peak fit analysis the O1s core level spectra (d) are separated in two peaks related
to responses from the C-OH group (531.4 eV) and the COOH group (532.5 eV) with a
ratio of 2:1.
Figure 8.5 shows this triplet peak and as guide to the eyes the three single contri-
butions are highlighted by Gaussian peaks which fit well to the main S 2p3/2 parts.
The main peak was detected at 161.8 eV, a medium one at 162.9 eV and a smaller
peak at 160.9 eV. The main peak at 161.8 eV is related to chemisorbed sulfur
and is almost identical to the peak reported for alkanethiol or dialkyl disulfide
SAMs [153]. It is also reported in literature for monosulfides and tetrahydroth-
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iophene and it is assumed that the ∼ 162 eV binding energy can be produced
without C-S cleavage. That means that sulfur in the monosulfide can bind onto
the Au surface in the same configuration as alkylthiolates without C-S cleavage
and can exhibit this peak [153, 154]. For the TMBA SAM system investigated
here this proves that the molecules bind chemically on the surface and it points
to a non dissociated adsorption mechanism.
Figure 8.5: High resolution XPS spectrum of a TMBA monolayer on Au(111). The
S 2p core levels are displayed with components at 160.9 eV, 161.8 eV, and 162.9 eV. The
main peak as well as the smallest one is related to chemisorbed sulfur on gold. Here, all
peaks are highlighted through their related Gaussian peak fit.
An additional chemisorbed sulfur related peak with a weak intensity was ob-
served at 160.9 eV. The origin of this sulfur peak is not ascertained and various
possibilities are discussed in literature. This peak can be explained by different
assumptions: it may result from atomic sulfur [153, 155], differently bound sulfur
resulting from a change in the adsorption configuration of the molecules [153,156],
or from a change in the adsorption site of the sulfur atoms on the Au(111) sur-
face [153, 157]. The peak form, as detected for the TMBA monolayer here, was
observed for other molecules with a similar molecular backbone, like tetrahydroth-
iophene, leading to the suggestion that there is a change in the adsorption sites or
configurations. Different domain structures were found by STM investigations (as
reported above) on the TMBA monolayers which indicates different adsorption
geometries and thus gives an explanation for the peak detection.
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The third peak, with a weak intensity, was observed at 162.9 eV and is assigned
to unbound sulfur. It is usually found in SAMs of complex molecules or dialkyl
monosulfides and for these systems the peak is the main peak. In the case of the
here investigated TMBA molecule, or the similar tetrahydrothiophene molecule,
the bond peak at 161.8 eV is much more pronounced. This result implies that
the sulfur atoms embedded in the TMBA molecular ring system exhibit stronger
adsorption activity than those in dialkyl monosulfides. However, the peak appear-
ance can be related to the special surface structure of the investigated samples.
The above shown STM topography scans (Fig. 8.2 and 8.3) show small areas of
disordered lying down molecules which are typically only loosely bonded to the
surface (over van der Waals interactions or similar) and thus can cause this peak
appearance.
For multilayer films this third peak at 162.9 eV was detected with the same inten-
sity as the second peak at 161.8 eV (compare Fig. 8.4) simply indicating that the
presence of unbound sulfur increased during multilayer growth due to the molecule
saturated gold surface. Additionally, a fourth peak appears in the XPS spectra
of TMBA multilayers at 165.1 eV which can be related to intermolecular interac-
tions between the carboxylic groups and the thioether groups of the unbounded
molecules.
As mentioned at the beginning of this paragraph, XPS core level spectra were
taken also of the C 1s and O1s region. They prove the adsorption of TMBA as
complete molecule onto the gold surface due to the detection of components of all
parts of the molecule. The XPS spectrum of the C 1s region (Fig. 8.4(c)) monitors
a small peak at 286 eV which is related to the C-S-C bond, and one pronounced
peak at 284.4 eV, related to C-C (C=C) bonds. Both the peak shape of the second
peak as well as the ratio between these two peaks show that all carbon atoms are
detected within the pronounced peak. Especially the components related to the
benzene ring (284.4 eV) are assigned. Furthermore, the XPS spectrum of the O1s
region (Fig. 8.4(d)) shows both the hydroxyl groups (531.4 eV) and the carboxyl
groups (532.5 eV) in the TMBA related ratio 2:1.
8.2.2 Low coverage phases
To pursue the structural identification of the TMBA monolayer various high reso-
lution STM scans were taken on the different domain structures. This paragraph
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focuses on the low coverage domains (noted with “B” in the survey scans) with
a structure of ordered, flat-lying molecules whereas the next paragraph describes
the molecular structures within the high coverage domains of standing-up mole-
cules (“C”).
High resolution STM topography scans of the striped pattern “B” monitor varia-
tions in the domain structures and Fig. 8.6(a) shows some of them. The bright
spots which build narrow bright lines are conspicuous. Due to the fact that the
molecules are chemically bounded to the Au(111) surface via the sulfur atoms,
this main protrusions can be related to the thioether head groups. Three differ-
ent domain orientations are present on the surface according to the directions of
the stripes, each orientation differing by an angle of 60◦. This 3-fold rotational
symmetry is caused by the underlying gold pattern, as investigated in detail for
the comparable alkanethiol/Au(111) system [20]. Fig. 8.6(a) shows a part of the
surface with mainly one row direction but two lines in the center of the scan are
rotated by 120◦, displaying a second orientation. Beside these different domain
orientations, various domain structures were found on the surface which consist of
rows running into the same direction and separated by dark areas but the inter-
row distance changes between the structures. Two different domain structures are
easy to distinguish in the STM image of Fig. 8.6(a) and are denoted as structure
“B1” and “B2”.
Structure “B1”consists of alternating bright and slightly darker narrow rows sepa-
rated by dark spaces. Height profiles, such as shown in Fig. 8.6(b), across the lines
monitor this alternating character with a structure periodicity of b = 2.0±0.20 nm.
An exact analysis of the “B1” domain yields a periodicity of a = 0.49 ± 0.05 nm
inside the rows. This distance is equal to the NNN-distance of the Au(111) surface
pattern which is calculated to
√
3a0 = 0.49 nm, with the gold lattice constant a0.
Accordingly, the thioether head groups are bonded to adjacent gold adsorption
sites, extending in the
[
112
]
-direction. Beside the different height appearance an
inversely phased spot appearance is found for neighbored rows. Thus, the unit cell
vectors are a = 0.49 ± 0.05 nm and b = 2.00 ± 0.20 nm with an angle of 90◦ ± 1,
which is equal to a (p×√3) unit cell with p = 7. This unit cell type is well
known because many investigated structures of flat-lying alkanethiols show these
(p×√3) structures. The values for p comply with molecular length and surface
coverage [151]. Although the STM scans allow to propose the unit cell with a high
accuracy it is not possible to propose a detailed model of the molecular footprint
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Figure 8.6: STM topography scan of different, low coverage domain structures of
TMBA molecules on Au(111). The flat-lying molecules form various striped patterns
on the gold surface. Two different periodic structures are visible and denoted with “B1”
and“B2”. The distance between two bright spots in one row is always a = 0.49±0.05 nm
but the inter-row distance changes between the structures and also alternates inside one
structure. The inset on the left hand side of (a) shows a zoom-in on structure “B1”,
highlighting the antiphase appearing of the spots in neighbored rows. Line scans are
taken on the structures perpendicular to the bright rows for structure “B1” (b) and
“B2” (c), monitoring the different inter-row distances. Additionally, the small inset of
figure (a) shows a submolecular resolution image of a domain boundary between a row
periodicity equal to that in structure “B1” and a second one equal to that in structure
“B2”. Note that in this special case the spots are all in-phase.
on the Au(111) surface. Only molecular moieties with intramolecular, intermolec-
ular, or molecule/substrate interactions are detected by STM, giving hints to the
real submolecular structure. In the case of structure “B1”, collecting all measured
data, the geometric length of a stretched TMBA molecule (∼ 1.09 nm), and com-
parable structures reported in literature, points to a structure with two molecule
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per unit cell (≈ 0.49 nm2 per molecule). The sulfur head group atom is located
at one corner of the unit cell and the molecule is oriented along the diagonal of
the unit cell. The additional bright spot in the center of the unit cell monitors a
high density of states at this point which can be caused by hydrogen bonds con-
necting the carboxylic end groups of two neighbored molecules. Such H-bonded
carboxylate systems are known and reported in literature, e.g., for superstructures
of BDCA molecules [158]. Furthermore, a slight overlap of the molecules at this
point is possible and can not be excluded.
The second regular striped pattern (“B2”) also consists of bright narrow lines with
spots in a distance of a = 0.49 ± 0.05 nm. These bright spots are related to the
thioether head groups of the TMBA molecules, as described above. Neighbored
rows are separated by wide dark spaces but in this pattern all rows have the same
height. Additionally, the spots of neighbored rows are in-phase with a distance
of b = 2.35 ± 0.24 nm. One corresponding height profile rectangular to the rows
is plotted in Fig. 8.6(c). The structure can be described through a rectangu-
lar (p×√3) unit cell with p = 8 and a possible molecular packing configuration
is a head to head configuration of molecules oriented along the large unit cell
vector b. With a packing density of around 0.58 nm2 per molecule the “B2” struc-
ture is comparable to values reported for relaxed alkanethiols of similar molecular
length [79]. The inset of Fig. 8.6 shows some further details of the molecular
structure within the unit cell. Only small perturbations are visible in the wide
dark spaces between the bright rows which shows that no hydrogen bonds exist
between faces molecules. The perturbations can be related to the top carboxy-
late groups of the molecules or to interactions between the flat-lying π-system
and the underlying gold substrate, dependent on the molecular tilt. Furthermore,
slight variations in the peak appearance between faced molecules are visible, also
recorded in the height profile of Fig.8.6(c), pointing to a slightly shifted molecular
backbone structure. This shift can be caused by intramolecular hydrogen bonds
or by intermolecular interactions between neighbored molecules.
A third molecular structure, denoted as “B3” in the following, with a striped
pattern was found in the immediate vicinity of structure “B1” and “B2”. Figure
8.7(a) shows a STM scan of the TMBA covered Au(111) surface with a large “B3”
domain. Line scans along the NN- and NNN- directions are plotted in Fig. 8.7(b,c)
showing a regular peak appearance inside the bright rows (b) but a more complex
periodicity in between the rows (c). Bright rows, denoted as “H”, alternate with
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slightly darker appearing rows (“L”) and the height difference can be measured to
around 0.06 nm. Succeeding rows with the same intensity have an antiphase spot
appearances (i.e., HH′HH′...), leading to slightly different peak distances (b′, b′′)
in the line scans and the periodicity between equal rows gets b = b′ + b′′ = 3.75±
0.38 nm. The distance of two spots in one row is measured to a = 0.49± 0.05 nm
and the “B3” structure can thus be described as c(p×√3) structure with p = 13.
Figure 8.7: (a) STM topography scan of a third low coverage phase of TMBA on
Au(111). The TMBA molecules build large defect poor structures and the spot distance
in one row can be measured from line scans (b) to a = 0.49 nm. Neighbored rows have
an alternating row sequence (HH′HH′) displayed in a line scan across the rows (c).
Taking these values and high resolution scans of the domain structure, like in Fig.
8.8(a) where additional molecular features are visible, allows to propose a detailed
model of the molecular orientation on the Au(111) surface. The high resolution
scan resolves the dark areas in between the bright rows in more detail and various
small perturbations become visible. The pattern of every second area looks the
same which leads to the suggestion of four molecules within the length of one
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unit cell vector b. The molecules bind with their sulfur head groups to the gold
surface and thus the bonded sulfur atoms are again related to the bright spots,
building rows along the
[
112
]
-direction of the underlying gold substrate, whereas
now two sulfur atoms build one bright spot. Assuming one of these sulfur atoms
as situated on a triple hollow site the second one has to bind on a bridge site [159].
The peaks in every second bright row are shifted by half of the unit cell vector
a. This shift corresponds to a change in the adsorption place for the sulfur atom
from, e.g., hcp to fcc or vice versa. Positioning flat-lying molecules into the unit
cell and assuming a slightly tilted molecule leads to a face to face configuration
for the carboxylic end groups, as depicted in Fig. 8.8(b). Thus, H-bonds are
probable yielding the slightly darker appearing rows. In principle, two molecular
units, the nitrogen atom and the phenol ring, can cause a higher local electron
conductance but due to the tilt inside the molecule only one additional spot per
bounded molecule is likely. Accordingly, different rotated molecules cause the two
pattern in the dark appearing areas.
Figure 8.8: (a) High resolution image of the c(13×√3) structure of TMBA on Au(111)
with features of the molecular structure. Marked is the rectangular unit cell aligned at
the bright thioether head group related features. (b) Three-layer model of the molecular
orientation inside the structure with respect to the underlying gold substrate. The
molecules are flat-lying on the surface in a slightly tilted configuration such that either
the aromatic ring system is oriented flat on the underlying substrate or the nitrogen
atom points up. The middle layer is added to the model to highlight the parts of the
TMBA molecules which are visible in STM.
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The resulting picture of the molecular orientation with respect to the underlying
Au(111) surface is illustrated in Fig. 8.8(b). Beside the molecules and the gold
lattice, spots highlight the molecular parts detected by STM. The mapping of
the molecular features is surely not unambiguous but X-ray diffraction analysis
on the crystal structure of the TMBA related carboxylate ester show exactly this
tilted molecule symmetry. However, the molecular structure looks like there are
four molecules per unit cell corresponding to a molecular footprint of 0.46 nm2 per
molecule.
8.2.3 High coverage phases
Standing TMBA molecules, as observed in domain type “C” of Fig. 8.3, form
highly ordered long range domains with a hexagonal unit cell. Additionally, do-
mains with areas of > 100 nm2 show distinct striped pattern related to super-
structures. Two different superlattice structures can be identified for the TMBA
molecules on Au(111) and will be described in detail in the following.
Figure 8.9(a) shows one gold terrace covered with TMBA molecules. The mole-
cules are close-packed upright standing and ordered in domains. Different domains
are separated by boundaries appearing as dark lines and rotational boundaries
as well as antiphase boundaries can be identified. Two domain boundaries are
marked in the STM image with black arrows, one has a very thin boundary region
and one consists of a relatively large, smooth transition. These domain boundaries
connect domains with different stripped patterns and different unit cell alignments
which are highlighted in the image with red rectangles. Additionally, three dif-
ferent orientations of the domains are visible according to the directions of the
stripes, each orientation differing by an angle of 60◦. The domains in the lower
part of the STM image have these three different orientations (marked with black
lines) and the orientation in the fourth domain (upper part) is then equal to one
of those. Figure 8.9(b) shows a high resolution scan of one domain and single
molecules can be seen as protrusions. Cross sections along the NN- and NNN-
directions yield a hexagonal unit cell with a vector of a = 0.48 ± 0.05 nm. This
lattice constant agrees with a (
√
3×√3)R30◦ unit cell with respect to the under-
lying gold surface structure. This structure is the basis of many superstructures
for alkanethiol SAMs on Au(111) (compare section 5.4.1) and due to the fact that
TMBA molecules adsorb also with a sulfur head group on the Au(111) surface
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Figure 8.9: (a) STM Topography scan of a domain structure of standing TMBA mo-
lecules on Au(111). A typical domain structure with different unit cell orientations
(red rectangles) is visible. The domains show a striped, superstructure related, pattern
and are separated by domain boundaries which appear as dark lines or areas in STM
(arrows). All three rotational symmetries are visible with the typical, gold lattice re-
lated, 120◦ angle in the lower part of the image (marked with black lines). The fourth
domain in the upper part of the scan has consequently the same orientation as one of
these three. (b) High resolution STM scan of the hexagonal unit cell of small domains
without observable superlattice. The lattice vector a = 0.48 ± 0.05 nm correspondents
to the NNN-distance of the underlying gold substrate.
the present structure is denoted as α-phase [160]. The footprint of the TMBA
molecules can be deduced to 0.216 nm2, the value as in the case of alkanethiols,
dialkyl disulfides or cyclic dialkyl sulfides [154]. This points to a very dense pack-
ing of the standing TMBA molecules, however, it is in accordance with the space
required for one molecule threaded in the lines of the striped phases.
With larger domain sizes superstructures with inequivalent molecules per unit cell
become visible. Figure 8.10(a) shows a detail scan of a domain of around 500 nm2
size where the molecules can be seen in a striped pattern formed by the molecule
protrusions of different heights. In high resolution scans (Figure 8.10(b)), the
unit cell of the superstructure can be resolved and the unit cell parameters can be
measured to a = 0.77±0.08 nm and b = 0.97±0.10 nm with an angle of 88.6±2◦.
Three different heights are detectable in the height profile of Fig. 8.10(c). Fitting
this structure to the underlying gold lattice shows that this unit cell is comparable
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to a (3× 2√3) structure or, in analogy to alkanethiols, corresponds to the -phase
of the c(4× 2) structure [161, 162]. The variation of the unit cell compared to
the theoretical values of a = 0.865 nm and b = 0.999 nm can be explained by the
different twist angles of the TMBA molecules in close-packed arrays.
Figure 8.10: (a) STM scan of a large, defect free domain of standing TMBA molecules
on Au(111). A stripped, superstructure related, pattern is visible and the unit cell (b)
can be described with a (3× 2√3) structure. This structure is consistent with a c(4× 2)
supercell which is the common structure for close-packed alkanethiols. The height profile
(c) across the pattern shows three different heights and a schematic drawing (d) of the
structure with respect to distances and heights shows that the structure is consisted
with the 	-phase, reported for alkanethiols.
Due to the special character of the molecules with hydroxyl groups at only one
side of the aromatic ring system the molecules form hydrogen bonds between each
other and thus preferentially form pairs. Furthermore, slight variations in the
bonding sites of the sulfur head group to the gold lattice could cause such pairing,
like reported for, e.g., biphenyl molecules [163]. Since STM provides only an image
of the top of the SAM, these two explanations cannot be distinguished. The same
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applies to the origin of the different heights detected by STM for one unit cell and
it can be referred to investigations on alkanethiols which try to explain these height
differences (compare section 5.4.1). Summarizing, the spatial arrangement of the
TMBA molecules on the Au(111) surface is depicted in Fig. 8.10(d). Additionally,
molecules with the same height appearance in STM are colored equally.
A second superstructure was found for TMBA on the same sample. Domain sizes
with an area of above 650 nm2 can be scanned by STM and Fig. 8.11(a) shows a
10× 10 nm2 large zoom-in.
Figure 8.11: (a) STM scan of a large, defect free domain of standing TMBA molecules
on Au(111) with a superstructure unequal to that of Fig. 8.10. Certainly the domain
shows a stripped pattern and a unit cell (b) related to a c(4× 2) structure but the
height profile (c) across the pattern shows four different heights. A schematic drawing
(d) of the structure with respect to distances and heights shows that the structure is
consisted with the ζ-phase, reported for alkanethiols.
It gets visible that the striped pattern is caused by TMBA molecules which are
ordered in a rectangular unit cell and appear in STM with different heights. With
the help of line scans and unit cell detection tools of the STM software the unit cell
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parameters can be measured precisely to a = 0.88±0.09 nm and b = 0.98±0.10 nm
with an angle of 87.3 ± 2◦. This unit cell is marked in the STM image of Fig.
8.11(b) where four different molecular spots can be detected within one unit cell.
Line scans across the structure confirm these four different heights, marked in
Fig. 8.11(c) with “1-4”. Fitting this structure to the underlying gold lattice shows
that also this unit cell is comparable to a (3× 2√3) structure and the spatial
arrangement of the TMBA molecules on the Au(111) surface is depicted in Fig.
8.10(d). Molecules with the same height appearance in STM are colored equally
here. Because of the four heights per unit cell it is equal to the ζ-phase of the
c(4× 2) structure of alkanethiols [75]. Note, that the superstructure here is found
in SAMs prepared out of solution whereas for alkanethiols it is found, up to now,
only for vapor deposited SAMs.
Comparing all topographic investigations on the TMBA molecules leads to the
conclusion that these molecules have a high tendency to self-assemble in ordered
arrays with various domain structures but large domain sizes and few vacancy
islands. With XPS analysis it was proven that the molecules bind chemically on
the surface with an intact molecular backbone. Although TMBA molecules have
a much more complex molecular structure than alkanethiols they order in com-
parable structures, both for low coverage, lying-down type and for high coverage,
standing-up type structures. This is in accordance with a study done by Noh et al.
where they report on the self-assembly of small non-aromatic cyclic alkyl sulfides
under chemisorption and formation of (3× 2√3) superstructures [154]. Summa-
rizing, table 8.1 lists the six different structure described within this chapter with
there orientation, unit cell and packing density per molecule.
notation molecular orientation unit cell packing density
[nm2/molecule]
B1 flat-lying (7×√3) 0.49
B2 flat-lying (8×√3) 0.58
B3 flat-lying c(13×√3) 0.46
α-phase upright standing (
√
3×√3)R30◦ 0.21
-phase upright standing c(4× 2) 0.21
ζ-phase upright standing c(4× 2) 0.21
Table 8.1: Different structures of TMBA molecules reported within this work.
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8.3 Electronic characterization of TMBA
monolayers
Beside topography measurements, to analyze the self-assembly behavior of TMBA
molecules on the Au(111) surface, distance dependent current-voltage spectroscopy
was performed to gain first insights in the electronic structure of the TMBA mo-
lecules adsorbed on the surface. Current-voltage spectroscopy was measured by
STM within the CITS mode (described in section 3.3.2) because multiple I-V
measurements with an exact spatial position are taken simultaneously with the
topographic signal during one scan in this mode. With this it is possible to detect
differences in the electronic structure of neighbored molecules or to collect I-V
data of flat-lying molecules. Unfortunately CITS is limited in resolution, since
the spectra need to be acquired at a relatively high speed and the tunneling dis-
tance has to be set to large values to avoid a contact between tip and surface
during scanning. CITS topography scans are not possible in high resolution but
the molecule related features are visible even when they are unequal in height
and the large number of I-V curves yields a precise image of the electronic struc-
ture. Spectroscopy curves were taken on domains of flat-lying molecules as well
as on close-packed standing molecules and exemplary data are reported in the
following.
In a first step, CITS data were collected for lying-down type molecules. Areas of
around 3 × 3 nm2 were scanned in CITS mode and analyzed separately. Succes-
sive enlarged parts of the scanned area were averaged and compared, starting with
the submolecular features related to one molecule. Comparing the averaged I-V
data or, more meaningful, their numerically calculated differential dI/dV char-
acteristics, shows no differences in the LDOS within one molecule. This points
to no fundamental transport barriers in the TMBA molecules. Thus, the dI/dV
curves of one molecule were averaged and next compared to the dI/dV curves of
the neighbored molecules. Also these curves show identical local density of states
spectra which monitors a similar transport process for all molecules within one
structure. Exemplary, Fig. 8.12(a) shows the averaged localized dI/dV curves for
lying TMBA molecules within the same structure. Plotted are the conductivity
curves for set point current between ISet = 0.1 and 0.5 nA and a constant set point
voltage of VSet = −1.7V. These distance dependent curves display the LDOS of
the molecules and show that with decreasing tip-sample distances several molec-
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ular orbitals are probed. Three peaks are detectable within a voltage window of
±2.0V. One peak is detected at a negative bias voltage of around −0.9V and
is related to an occupied molecular orbital. Two further peaks are detected at
0.8V and at 1.8V which are related to unoccupied molecular orbital energies.
Beside these pronounced peaks a small feature is detected at ≈ 0.2V. Due to the
energetic position of this feature close above the Fermi energy it can be related
to a mixed molecule/surface state, similar to the contributions reported for the
carboxylate/Cu(110) system in chapter 7.
Figure 8.12: dI/dV characteristics of TMBA molecules chemically bonded to the
Au(111) surface calculated from the measured I-V data on flat-lying molecules. The
curves were taken on flat-lying molecules within the same characteristic striped pattern.
Whereas the scans on the first domain (a) were taken at a constant set point voltage
of VSet = −1.7V the second series (b) was taken at VSet = 1.6V. Highlighted are the
detectable peaks corresponding to occupied and unoccupied molecular orbital energies.
Characteristic for the LDOS plots of lying-down TMBA molecules is the detection of
the mixed molecule/surface states located around the Fermi energy.
Due to the fact that no density of states studies, experimental or DFT based calcu-
lations, on a comparable bound system exist, it is not possible to make a statement
on the origin of these peaks here. Only comparable studies on the LDOS of differ-
ent structures of lying-down type molecules or LDOS plots of close-packed stand-
ing molecules can yield further information. Figure 8.12(b) shows the averaged
localized dI/dV curves for a second domain with stripped pattern of lying-down
type molecules now collected with positive set point voltages of VSet = 1.6V. A
slightly different spectrum is visible pointing to a bias dependency of the spots, a
change of the LDOS in the presence of the electric field, or simply to an influence
of small variations in the tip-sample distance due to the small tip bias voltage
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value difference of 0.1 and the different polarity. To analyze this in detail complex
and time-consuming statistic investigations on all striped phase have to be done.
Nevertheless, some conclusions can be drawn out of the scans recorded up to now.
The first occupied peak appears for all investigated TMBA molecules with a flat-
lying structure at −0.9V. This points to a molecular orbital which does not shift
in the electric field between tip and sample and due to its low energy a mapping
to a sulfur related orbital is obvious [164]. Further, two unoccupied molecular or-
bitals are situated in energy below 2.0 eV, the first one is monitored at an applied
bias voltage range between 0.75V and 1.0V and the second one between 1.5V
and 2.0V. Finally, the small feature detected at ≈ 0.2V has a complementary
feature at negative values close below the Fermi level and thus they can be related
to a bonding antibonding combination of the mixed molecule/surface states.
In a second step, CITS data were collected on standing-up type molecules. Mea-
surements were done on small areas with (
√
3×√3)R30◦ structure (α-phase) and
on c(4× 2) superstructures (-phase). No difference was detectable for molecules
of the same domain even when they are ordered in a superlattice structure with
different detectable heights and fundamental differences between these molecules
can be ruled out. However, differences can be found between the conductivity
curve of different phases and Fig. 8.13 shows exemplary the LDOS plots for
TMBA molecules ordered in an -phase (a) and in an α-phase (b). All measured
dI/dV on the superstructure show identical curve shapes even if they show differ-
ent height distributions in the STM topography scans. This points to an equal
electric conductance mechanism through all molecules within the structure. The
LDOS plot for the TMBA molecules ordered in a superstructure assembly shows
two peaks in the accessible voltage window of ±2V. One peak at −1.0V, re-
lated to the response of an occupied molecular orbital, and a second one at 1.5V,
related to an unoccupied molecular orbital, are measurable. Thus, the peak en-
ergy for the first appearing peak at negative bias voltages is equal for flat-lying
and standing-up molecules. Provided that this peak is related to the sulfur based
orbital, the same peak energy for flat-lying and standing molecules points to a sim-
ilar transport process and reconfirms the equal bonding mechanism. Furthermore,
the flat region between the two peaks around the Fermi level attracts attention.
No molecular states are detected around the Fermi level whereas peaks are visible
in the LDOS of lying TMBA molecules. A simple explanation for this different
curve shape can be given by the geometrical alignment of the molecules. In the
144
8.3 Electronic characterization of TMBA monolayers
Figure 8.13: dI/dV characteristics of TMBA molecules chemically bonded to the
Au(111) surface calculated from the measured I-V data on standing-up molecules. Dis-
played are the LDOS plots for molecules ordered in a c(4× 2) superstructure with
	-phase (a) and in a (
√
3×√3)R30◦ structure (b). All displayed curves were taken at
a constant set point voltage of VSet = −1.7V respectively VSet = +1.7V and show no
bias polarity dependence, as visible in the inset of part(b). The detected differences
in the curve shapes at positive voltages as well as for negative applied bias voltages
smaller −1.25V can have various reasons. One possible reason is that molecules inside
small domains without superstructure have different adsorption sites than the molecules
inside a superstructure.
case of flat-lying molecules the whole molecular backbone is detectable with the
STM whereas for close-packed standing molecules as a start only the molecular
orbitals are detectable which point to the vacuum side or are highly delocalized.
Mixed molecule/surface states are known to be localized directly above the sub-
strate surface and thus the tip has to be immersed into the molecular layer before
detecting these orbitals. However, this small tip sample distances yet destroy the
molecular layer irreversibly. Comparing structures with (Fig. 8.13(a)) and with-
out superlattice (Fig. 8.13(b)) shows slightly different peak positions and due to
the independence of the applied bias polarity (inset in part (b)) different adsorp-
tion position on the gold lattice, different molecular twist angles or a change in
the molecular conformation are possible explanations. First DFT calculations of
close-packed TMBA molecules show, e.g., differences in the LDOS due to different
adsorption places on the underlying gold lattice but a mapping of peaks to special
molecular orbitals is possible only with further detailed calculations.
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Finally, assuming that the peak at ≈ −1.0V is a sulfur-gold bond mediated state
which is located at the bonding unit and as thus fixed in energy for comparable mo-
lecules with the same bonding unit, the HOMO-LUMO gap of the TMBA/Au(111)
system can roughly estimated to ΔESTM = 2.5− 3.0 eV. This is a realistic value
because additionally performed UV-VIS adsorption spectra on the TMBA mo-
lecule dissolved in DMF show an optical gap of ΔESTM = 3.15 eV (compare
Fig.8.14).
Figure 8.14: Optical absorption spectrum of TMBA dissolved in DMF. The horizontal
and vertical dashed lines serve as guide to the eye to help determine the adsorption
edge. The onset position of the energetically lowest adsorption band leads to an optical
gap of ΔEopt ∼ 3.15 eV in the liquid phase.
8.4 Mixed Monolayers
TMBA molecules could work either as active molecules or layers themselves or
as inert matrix system for the insertion of functional molecules, e.g., redox-active
molecules. To analyze the insertion behavior of TMBA molecules into an insulat-
ing molecular matrix system the molecules were inserted into a dense monolayer
of octanethiol molecules. Additionally to the topography investigations current-
distance spectroscopy measurements were performed on the inserted molecules.
The advantages of measuring the electronic transport through the TMBA mole-
cule in a matrix environment are the reduced configurational degrees of freedom
for the chemisorbed molecules in the alkanethiol matrix system and accordingly
a well know reference system for the measurements is directly present.
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8.4.1 Embedding TMBA molecules into a C8 SAM
Before mixed SAMs of alkanethiols and TMBA were examined, the structure of the
pure alkanethiol monolayer was controlled. All samples show a monolayer of close-
packed standing molecules ordered in large domains with c(4× 2) structures.
Fig. 8.15 shows a SAM of octanethiol with embedded TMBA molecules. The
TMBA molecules were embedded by immersing the preassembled and controlled
C8 monolayer into a one millimolar solution of TMBA molecules for 16 hours. The
SAM still shows the characteristic alkanethiol surface with c(4× 2) structures,
different superstructures, rotational and translational domain boundaries as well
as etch pits (compare 8.15(a)). In addition to these features several new ones are
visible. Whereas domain boundaries in C8 layers commonly appear darker in STM
topography now domain boundary regions appear bright and blurry (Fig. 8.15(c)).
Especially the regions around etch pits appear brighter and high resolutions scans
of these areas (d) show bright large molecule spots. These spots are absent in
the pure C8 layer and are, therefore, interpreted as embedded TMBA molecules.
Thus, insertion preferentially takes place at defect sites such as domain boundaries
or etch pits.
Rarely, small bunches of ordered molecules with larger feature sizes are displayed,
like in the upper left corner of Fig. 8.15(a) (marked with a black circle). Line scans
along the directions of the red and the black arrow show the regular appearance
and the height difference to the surrounding octanethiol molecules (compare Fig.
8.15(b)). The next nearest neighbor distance between the TMBA molecules can
be measured to a = 0.81±0.04 nm and b = 1.05±0.05 nm. This distance matches
with the c(4× 2) unit cell, found for pure TMBA layers, but no molecules can
be detected inside the cell. So it can be deduced that the adsorption of TMBA
molecules is influenced by the gold surface lattice but not directly by the C8
layer. Furthermore, first DFT calculations on the adsorption energies of the close-
packed structures of TMBA molecules show that for the molecules an adsorption
on bridge sites is advantageous, whereas it is commonly assumed that alkanethiols
adsorb on triple hollow sites of the gold lattice [58, 165]. That explains that
small bunches of ordered molecules are found only surrounded by disordered areas.
These disordered areas act as a kind of domain boundary. Further, the different
adsorptions sides explain that only a few TMBA molecules are inserted as single
molecules into a C8 domain.
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Figure 8.15: (a) 24× 24 nm2 large STM scan of a C8 SAM with embedded TMBA.
The TMBA molecules are displayed as bright protrusions (see, e.g., in the small black
circle). A small bunch of ordered molecules with a rectangular unit cell is additionally
visible and marked with a larger circle. Line scans (b) along the directions of the two
arrows monitor a conformation of standing-up type molecules for this domain. The STM
scan of part (c) highlights the brightly appearance of the domain boundaries between
the C8 domains and the inset of (d) shows large bright spots related to inserted TMBA
molecules.
With longer immersing times of the C8 covered gold samples into the TMBA so-
lution the resulting monolayer structure changes. Surprisingly, no more molecules
are inserted into the C8 layer as it would be expected but a reorientation of the
whole monolayer takes place. For storage times of more than 20 h the resulting
monolayer structure shows a striped pattern with various different orientations.
Figure 8.16(a) shows that this striped pattern coverages the whole gold terraces.
Comparing height profiles taken on these structures with height profiles taken on
upright standing and flat-lying structures of pure C8 as well as of pure TMBA
molecules (section 8.2) shows that the displayed molecules are flat-lying on the sur-
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face. The structure in the ordered domains can be described by a slightly distorted
rectangular unit cell with the vectors a = 0.47±0.05 nm and b = 2.60±0.20 nm at
an angle of 91.8± 2◦. In terms of the underlying gold surface pattern this is equal
to a (p×√3) structure with the periodicity p = 9. High resolution STM scans,
as plotted in Fig. 8.16(b), show that this structure consists of five different areas.
Height profiles across the different areas monitor four peaks within one unit cell
(see Fig. 8.16(c)).
Figure 8.16: (a) 24× 24 nm2 large survey scan of the mixed C8/TMBAmonolayer after
a TMBA exposure time of around 24h. The gold terraces are homogeneously covered
by a striped molecular pattern. (b) High resolution topography scan on the striped
pattern. The unit cell and the position of the line scan across the pattern are marked.
The related line scan is plotted in (c). Comparable line scans on the striped pattern
of pure C8 and pure TMBA molecules lead to the assumption of a mixed molecular
structure. Whereas the left side on the scan correlates with a TMBA molecule the
features on the right side are C8 molecule related.
To explain the molecular assembly in the striped pattern with the five differ-
ent row heights the structure was compared with striped C8 pattern and striped
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TMBA pattern. All striped C8 pattern, independent of the periodicity p show a
large peak in the height profile, related to the sulfur head group which interacts
with the gold surface, and a second peak around 0.08 nm lower in height which is
related to the alkane chain. Assuming a periodicity of p = 8 ± 0.5 for a layer of
C8, as reported by M. Sharma et al. [166] (i.e., a length of 1.15 nm per molecule),
this is exactly what is visible in the right part of the line scan in Fig. 8.16(c).
The other part of the here reported structure has a different line profile with an
additional peak and other distances. The easiest conclusion is that this part mon-
itors a TMBA molecule. This is proven by comparing the peak ratios with that
measured in the height profile of the pure TMBA layer (compare Fig. 8.7). The
peak shape is identical with one main peak followed by a small one and at last the
medium one. The main peak is related to the sulfur head group and the distance
to the next peak fits exactly whereas the next distance is smaller for the case of
the pure layer. But this small mismatch is a admissible tolerance due to a likely
different tilt angle of the molecular backbone caused by different intermolecular
interactions in the mixed layer.
8.4.2 Current decay parameters for TMBA molecules
The electronic properties of the TMBAmolecule chemically bonded to the Au(111)
surface were additionally studied by current-distance (I-z) spectroscopy, as de-
scribed in section 3.3.2. Measurements were performed on single TMBA molecules
inserted into the C8 matrix layer and additionally as reference on C8 molecules
inside the domains. I-z measurements on the C8 molecular domains show the
typical curve shape for C8, as reported, e.g., in [38]. The curves start with a
low current below the noise level of the preamplifier until the tip-sample distance
is small enough to get a stable tunneling contact. Above this point the current
increases and the slope of the curve can be described by the vacuum decay con-
stant, measured to βV ac = 21.6 nm
−1. At the point of contact between tip and
molecule a kink appears in the I-z curves and the slope is reduced. From the
point of contact the tip starts to penetrate the octanethiol monolayer and the
current slope resembles the tunneling decay constant of the octanethiol molecule.
A value of βC8 = 8.1 nm
−1 is measured and is in accordance with the literature
data which refer values of βC8 = 8.8 nm
−1 [167], or βC8 = 7.0 nm−1 [168]. With
these measurements it is supplementary proven that the superstructure domains
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described above are C8 domains.
I-z curves recorded on the larger and brighter appearing molecular spots show
a different characteristic and an exemplary curve, plotted on a semi logarithmic
scale, is shown in Fig. 8.17. This I-z curve was taken on the molecule marked with
a black circle in Fig. 8.15(d). The reported curve was taken by first retracting
the tip and then approaching it towards the sample surface while simultaneously
measuring the current. The origin of the x-axis denotes the position of the tip at
the tunneling set point parameters (ISet = 0.443 nA and VSet = 1.28V). Negative
displacements represent an increase in tunneling distance (i.e., the tip is retracted)
and positive displacements represent a decrease in tunneling distance (i.e., the tip
is moved towards the sample).
Figure 8.17: Current-distance spectroscopy of TMBA molecules chemically bonded on
an Au(111) surface. The origin of the x-axis corresponds to the tunneling set point
parameters (ISet = 0.443 nA and VSet = 1.794V). The slopes of the current in the semi
logarithmic plot reflect the current-decay parameters (β) and are material dependent.
The length of the different parts with a constant slope corresponds to the geometric
length of the molecular moieties. New β values were found for the carboxylate unit, and
the thiomorpholinomethyl group. The measured decay constant of the phenol ring fits
to the literature values of the comparable biphenyl unit.
Starting at large tip-sample distances, i.e., on the left side of Fig. 8.17, first a
low current region was detected where the current is determined by the noise
level of the preamplifier. At a tip displacement of −0.2 nm a jump in current
was detected equal to a tunneling contact between tip and sample through the
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vacuum gap. A tunneling decay constant of βV ac = 21.6 nm
−1 can be evaluated
by linear fitting this part of the curve. At a tip displacement of −0.13 nm the
contact point is reached and now the curve slopes monitor the contributions of
the different molecular units. A first small region, related to the carboxylic top
group of the molecule, can be identified with a relatively large slope of βCOOH =
11.3 nm−1. No values for the tunneling decay constant of a carboxylate group are
reported up to now but all successfully recorded I-z curves on embedded TMBA
molecules show this region and similar values are recorded for the carboxylate unit
of pyridinecarboxylic acids in paragraph 7.5.2. With a tip displacement of around
zero nanometer the curve shape flattens due to the phenol ring group. A value of
βPh = 4.9 nm
−1 is found which is comparable to the decay constant values of other
π-conjugated ring systems, e.g., for the phenyl moiety with ∼ 4.2 nm−1 [141], and
as expected higher as that of the pyridine moiety with ∼ 3.9 nm−1 (see paragraph
7.5.2). Further decreasing the tip-sample distance results again in an increase of
the slope. This part of the I-z characteristic monitors the tunneling properties
of the thiomorpholinomethyl group which builds the transition region to the gold
surface. A tunneling decay constant of βTMM = 6.7 nm
−1 describes this region.
The conductance of the thiomorpholinomethyl group can be roughly described
by an equivalent circuit diagram of a conductance describing the methyl group
connected in series with two conductances in parallel, one for each branch of the
thiomorpholino group. All three conductances can approximately be described
by
Gn = Gn,0e
−βCH2dn , (8.1)
where βCH2 is the decay constant of a methyl group and dn is the length of the
unit n. With a value of βCH2 = 8.1 nm
−1, as taken from the measurements of
C8 molecules on the same sample, a conductance of the thiomorpholinomethyl
group can be calculated to βTMM = 6.7 nm
−1 which is in good agreement with
the measured data.
An additional parameter which is available from the I-z spectroscopy data and
which describes the molecular transport properties within the junction geometry
is the conductance G [169]. The conductance can be calculated from the measured
current at the contact point of tip and molecule using the relation
G =
Icontact
VSet
. (8.2)
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Due to the mixed monolayer, it is possible to measure this value in a first step for
a known reference system (C8), compare it to literature data, and then measure
the new TMBA molecular system within the same experimental environment. A
value of G(C8) = 0.057 nS is calculated from the contact current value of the
C8 molecules which is in accordance with the values reported by Akkerman et
al. [169]. For the TMBA molecules a conductance of G0(TMBA) = 0.10 nS is
found which is twice the conductance of an alkanethiol but significantly lower
than that of small carboxylic acid molecules like pyridinecarboxylic acid (0.37 nS,
calculated from the I-z spectroscopy data plotted in Fig. 7.23 of chapter 7) on
Cu(110) surfaces.
8.5 Conclusion
TMBA self-assembled monolayers were grown from solution and characterized by
STM and XPS. It could be proven by XPS that the TMBA molecules chemisorb
as complete molecule and without C-S-C bond cleavage on the Au(110) surface.
STM scans reveal that the molecules assemble in highly ordered structures and
that large domains are built. Flat-lying as well as standing-up molecular domains
are present on the surface and various structures are formed. The domains are
separated by domain boundaries and rotational as well as translational transi-
tions were found. Three orientations were recorded which are related to the three
fold rotational symmetry of the underlying gold substrate. Flat-lying molecular
structures have a characteristic striped pattern and can be described with respect
to the underlying gold surface pattern as (p×√3) structures. Standing-up type
molecules form (
√
3×√3)R30◦ structures and larger domains show a distinct
c(4 × 2) superstructure pattern. Two different superstructures were obtained on
the measured samples equal to the - and ζ-phase of alkanethiols.
Electronic investigations of the TMBA molecules monitor a molecule mediated
tunneling process within the accessible voltage window of ±2.0V. The measured
LDOS characteristics are dependent on the molecular adsorption geometry. Mixed
molecule/surface states for example were only probed in spectroscopy for flat-lying
molecules because for standing-up molecules the tip has to penetrate the molecular
film before probing these localized molecular orbitals which causes a destruction of
the layer. However, a HOMO-LUMO gap smaller than 3.0 eV could be measured
by current-voltage spectroscopy.
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Insertion experiments in a C8 monolayer matrix show that TMBA molecules pref-
erentially adsorb at defect sides or at domain boundaries, pointing to different
adsorption places for C8 and TMBA molecules. For small TMBA exposure times
only a few bunches of ordered structures were found and C8 and TMBA domains
are separated. With long storage times for the C8 monolayers in a TMBA based
solution, structures of flat-lying molecules were found. C8 and TMBA molecules
build these structures in equal parts.
I-z spectroscopy measurements on inserted TMBA molecules reveal the in section
7.5.2 measured tunneling decay constant of the carboxylic (carboxylate) group.
A decay constant for a phenol group of βPh = 4.9 nm
−1 was measured, which is
comparable to literature data, and additionally a decay constant for the thiomor-
pholinomethyl group was measured for the first time.
154
9 Molecules on Pt nanowires on
Ge(001) - Triphenylphosphane
The Pt/Ge(001) surface is a particularly attractive candidate to be used as a tem-
plate in molecular electronics since it predominately consists of arrays of dimerized,
perfectly straight, and virtually defect free monoatomic Pt chains [92,119,170]. It
can be used as structured template for molecular self-assembly or the Pt chains
can be used as interconnects between nanoscale devices. Within the scope of this
thesis the self-assembly behavior of different molecules onto the Pt/Ge(001) sur-
face is investigated, with the focus on candidates which preferentially assemble on
Pt chains.
Due to the fact that CO molecules adsorb on Pt chains as reported by N. Oncel
[171] first experiments were done with pentane-2,4-dione (acetylacetone, C5H8O2)
and with 2,3-dihydroxybutanedioic acid (tataric acid, C4H6O6) which have oxy-
gen atoms that can in principle bind to Pt chains. The substances are also known
to build complexes with platinum. STM topography investigations of the vapor
deposited molecules on the Pt/Ge(001) substrates show in both cases a uniform
molecular coverage of the whole surface with no difference between Pt chains and
Ge surface. Another molecule which is well known from catalytic chemistry is
triphenylphosphane (C18H15P, PPh3). It is a common organophosphorus com-
pound which is widely used as a catalyst for organic synthesis and as an inter-
mediate for phase-transfer catalysts and Wittig reactions. As a ligand for many
metals to form coordination compounds, it is often used to bind with transition
metals, such as Pd, Pt, Ru, Ni, and Os [172]. Application oriented paper in other
research fields explicitly show PPh3 in combination with platinum, e.g., for cat-
alytic reactions in direct methanol fuel cells [173]. PPh3 binds via the phosphor
atom to platinum and the three phenyl rings can be used as molecular backbone
for the substitution of further functional groups. In the following chapter first
STM investigations on the Pt/Ge(001)/PPh3 system will be shown.
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9.1 Experimental details
Clean Ge(001) substrates with Pt nanowires were prepared as described in section
6.3. After reformation of the Pt chains, the surface cleanness was checked by STM
(as reported in section 6.3) and the samples were transferred into the preparation
chamber of the UHV-STM system. Triphenylphosphane was used as purchased by
Sigma-Aldrich with a purity of > 99%. PPh3 is in solid phase at room pressure
and was used for deposition after several freezing thawing cycles in vacuum. It was
deposited from vapor phase in-situ using a demountable and separately pumped
home-built, knudsen-type thermal evaporator, as described in paragraph 3.3.1.
PPh3 molecules were sublimated at a background pressure of 2 · 10−5mbar and
a temperature of 350K while the substrate was kept at room temperature. All
results shown in this thesis were acquired on samples exposed to PPh3 for 30 s.
To increase the molecular order on the substrate the samples were heated after
deposition in an environmental pressure of 10−9mbar to temperatures of around
323K for 30min. The resulting films were investigated by imaging in constant
current mode with UHV-STM. Homemade electrochemically etched tungsten tips
were used as STM-tips.
9.2 Structural investigations
First investigations on the Pt/Ge(001) samples exposed to triphenylphosphine
show that only a small amount of molecules covers the surface. The characteristic
surface structure of the Pt/Ge(001) system is visible with flat germanium terraces
and bright appearing platinum chains. In Fig. 9.1(a) an overview STM image
(90× 90 nm2) of a Pt modified Ge(001) surface after exposure to PPh3 is shown.
The surface was scanned at room temperature with a tunneling set point current
of ISet = 0.917 nA and a bias voltage of VSet = −1.692V. Clearly visible are
the germanium terraces oriented in (001)-direction and covered with a number
of platinum chains. They appear as bright lines with a width of exactly one Pt
atom and the distance of neighboring chains is 1.6 nm. Additionally visible in the
image are circular spots located on top of the Pt chains and sometimes also on
the clean germanium areas, preferentially at step edges. These circular spots were
not present before the exposure to PPh3. Moreover, an increase of the exposure
of PPh3 leads to an increase in the density of these white circular spots up to
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a coverage where the Pt chains are no longer visible. Therefore, these spots are
attributed to PPh3 molecules adsorbed on the Pt chains.
Figure 9.1: (a) STM survey scan (90× 90 nm2) of a Pt modified Ge(001) surface af-
ter exposure to triphenylphosphane. The surface shows the typical character of flat
germanium terraces with straight bright lines consisting of Pt atoms. Single triph-
enylphosphine molecules (brighter spots) are found preferentially adsorbed on the Pt
atomic chains (inset). (b) Height profiles across the Pt chains covered with molecules
(red) and without molecules (black) show that the molecular center is on top of a Pt
dimer. Furthermore, the molecules are adsorbed in a flat geometry on the Pt atoms,
they have a height of around 0.15 nm in the scan. (c) STM survey scan of a Pt modified
Ge(001) surface after exposure to triphenylphosphine and heating to around 323K. The
germanium surface appears with less molecular features whereas the Pt chains are still
decorated with single PPh3 related features (insets).
Higher resolution scans, like plotted in the inset of Fig. 9.1(a), show that the cir-
cular spots are located preferentially on top of the Pt dimer rows and the apparent
size of the circular features is consistent with the diameter of the triphenylphos-
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phine molecule of around 1.0 nm. This is shown more clearly in the height profile
of Fig. 9.1(b). The profile in this figure is taken across the Pt chains as indicated
by the red line drawn in the inset of Fig. 9.1(a). As a reference profile, the height
profile of the clean Pt chain is also plotted, as indicated by the black line in the
inset of Fig. 9.1(a). The molecule related features appear in the middle of the Pt
chain and with twice the height compared to the Pt atoms. The topographic cen-
ter of the molecule is positioned on top of the Pt atoms and due to the molecular
diameter it can be concluded that one triphenylphosphine molecule covers one Pt
dimer.
Heating the samples to moderate temperatures of around 323K and scanning the
surfaces again after cooling down shows that the germanium surface gets cleaner
and no molecular features can be detected on chain free areas. Figure 9.1(c) shows
a STM overview scan (76× 76 nm2) with a noticeably cleaner surface. The image
is taken again with a negative sample bias voltage (VSet = −0.973V) and a set
point current of ISet = 0.917 nA. The two insets show that molecular features
are still present on top of the Pt chains. This points to triphenylphosphine mole-
cules connected only loosely to the germanium surface which can move or desorb
easily from the surface while the bond between triphenylphosphine molecules and
platinum atoms is stronger. Summarizing, these first investigations show that
triphenylphosphane is a promising candidate for molecular self-assembly on Pt
nanowires. Single molecular features could be identified on top of the Pt chains
but further investigations should follow which successively investigate the influ-
ence of temperature on the self-assembly process, e.g., by heating the substrate
to moderate temperatures during the PPh3 exposure.
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This thesis explored the structure and electronic properties of building blocks
for molecular electronics. Particularly, with view to a possible integration of
molecular devices in hybrid semiconductor/molecular (CMOL) integrated circuits,
the carboxylate/Cu(110) system was in the focus of experiments.
Carboxylates on Cu(110) surfaces
With the combination of the metallic Cu(110) surface and carboxylic acid mo-
lecules a new promising material system has been introduced for molecular elec-
tronics. The Cu(110) surface, used as nanotemplate, in combination with the car-
boxylic anchor group forms a stable interface which differs from the well known
gold/thiol interface. Due to the patterned surface a directed molecular bonding is
forced which leads to a stronger bond. A large dipole moment and a stable density
of states distribution at the interface region protect the bond against influences of
the molecular backbone, permitting the use of a large variety of functional mole-
cules at uniform bonding conditions. To illustrate the relations between molecular
moieties and electron transport properties this study includes a stepwise increase
in complexity of molecules. An extension and functionalization of the molecu-
lar system up to hierarchical structures was performed and possible transitions
to three terminal devices were shown in the following. Structural and electronic
transport properties were investigated for a series of carboxylates with systemat-
ically substituted atoms or added functional groups. Attention was paid to the
fact that only one part of the molecule was substituted per investigation step and
that the adsorption configuration on the Cu(110) surface stays the same.
Investigations were started on clean copper substrates and the Cu(110) struc-
ture was described in detail due to its new application as direct nanotemplate in
molecular electronics. It had been taken into account that copper oxidizes upon
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contact with atmosphere and that oxygen can inhibit the self-assembly process
of molecules. Hence copper surfaces were cleaned under vacuum conditions be-
fore molecule deposition. This preparation process was adapted to the existing
equipment and optimized to achieve surface cleanliness and substrate roughness
in atomic dimensions. Beside STM, AES, and LEED images were employed to
characterize the copper surface. Single crystals were used in all investigations.
For continuing studies the state of the art in copper thin film fabrication was re-
ported and own deposition results were added. They were performed within the
the framework of a project which deals with the direct combinations of current
CMOS technology and molecular electronics (CMOL).
Four different molecules are presented within this work, including benzenecar-
boxylic acid, which is the smallest molecule that can be linked precisely to the
Cu(110) surface and additionally has an intermolecular acting unit. Its SAM
structures are well known and thus it is used as reference system for investiga-
tions. Its structural and electron transport properties were investigated first and
described in great detail. Close-packed SAMs of upright standing molecules have
been fabricated for all carboxylates under investigation which is the prerequisite
for comparable electronic investigations. Successfully performed electronic trans-
port investigations on the carboxylate/Cu(110) system are reported here for the
first time.
The focus of studies was set on how the substitution pattern of the various car-
boxylates chemisorbed on the Cu(110) surfaces influences the HOMO-LUMO gap.
For this purpose also DFT calculations were performed which model the LDOS of
the combined carboxylate/Cu(110) systems and were compared to experimentally
achieved results. The DFT calculations were done by V. Caciuc and N. Atodiresei
at the Forschungszentrum Ju¨lich. An understanding of control parameters to tune
the HOMO-LUMO gap of the carboxylates was developed, i.e., it is possible to
predict the HOMO-LUMO gaps theoretically and verify them experimentally. On
one side, it could be demonstrated that the chemical bond formed between the
respective carboxylate and the copper surface is not influenced by the HOMO-
LUMO gap of the molecule. That means only the anchor group located at the
molecule and the surface states of the metal determine the interface properties.
The related occupied MO σ1 stays at a constant energy for all molecules under
investigation. On the other side, modifications of the aromatic ring system and
of the functional groups influence the HOMO-LUMO gap. It was found that
carboxylic groups as well as nitrogen substituents in the aromatic ring system
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lead to a reduction of the HOMO-LUMO gap. Combining both experimental se-
ries a reduction of the gap in the order ΔEBCA > ΔEBDCA > ΔEPCA > ΔEPDCA
was observed. A detailed analysis of all experimentally probed molecular orbitals
has shown that the calculated LDOS represents a characteristic fingerprint corre-
sponding to the substitution pattern of the carboxylates bonded to Cu(110). With
a detailed knowledge of the system parameters it is now possible to make precise
theoretical predictions on the transport properties of other carboxylate species.
For example, molecules like pyrazinedicarboxylic acid (C4H2N2(COOH)2) with
two nitrogen atoms in the ring system will even show up with a smaller HOMO-
LUMO gap than the carboxylates investigated experimentally so far. Thus, a
first toolbox is composed which allows to combine molecular moieties to build
up a molecule linked to a metallic electrode with a designed functionality. This
knowledge is an important step forward to molecular electronics, because now the
HOMO-LUMO gap and with this the energy difference between LUMO and Fermi
level can be tuned, which determines electron injection barriers in devices build
up of molecules.
Highlights of these combined investigations are not only that both, experiments
and calculations, fit excellently together and that the LDOS of a combined mo-
lecule/metal system can be displayed in great detail but also that the spatial
distribution of different orbitals has been mapped by STS. Distance dependent
current-voltage spectroscopy measurements confirmed that ring related π-orbitals
are probed in a wide current set point range due to their theoretically proposed
delocalized character. In contrast, the σ-type orbitals are located directly at their
related atoms and thus are detected only in between a small distance window. Fur-
thermore, a detailed experimental study in combination with energy calculations
for pyridine-2,5-dicarboxylic acid has shown that it is possible to identify different
adsorption configurations and conformations of one molecule under different ex-
perimental conditions. A conformational change of the detected molecules caused
by the applied electric field between tip and Cu substrate was monitored. Hence
combining DFT calculations and STS enables a detailed electronic mapping of
molecules connected to a metallic surface. Thus, a monitoring and manipulation
of molecular properties in a controlled and defined way with atomic precision is
permitted.
Additionally, system parameters like the tunneling junction symmetry or the lo-
cal tunneling barrier height were extracted from I-V characteristics. Within the
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approximations of a coherent molecular transport model, an estimation of the
absolute value of the vacuum gap size was made for different set point currents.
Typical values were found to be between 0.4 and 0.1 nm.
The tunneling process was further studied by transition voltage spectroscopy and
for all investigated molecule species a transition between direct tunneling at large
tip-sample distances and molecule orbital mediated tunneling for smaller distances
was found. The onset of this molecule orbital mediated tunneling is molecule spe-
cific and follows the LDOS distribution precisely.
Current-distance dependent measurements were performed on selected carboxy-
lates and the tunneling decay constant for the pyridine (βPyridine = 3.9 nm
−1) as
well as for the carboxylic moiety (βCOOH = 11.4 nm
−1) was assigned for the first
time.
In order to characterize π-π intermolecular interactions between neighbored mo-
lecules a small amount of carboxylic acids was embedded into a matrix of a self-
assembled monolayer of suitable host molecules. First investigations of the fabri-
cation of a mixed carboxylate monolayer on Cu(110) surface showed a successful
embedding of pyridine-2-carboxylic acid into a benzenecarboxylic acid layer. Both
molecules have a nearly identical length but pyridine-2-carboxylic acid appeared
higher (brighter) in the STM topography images of the mixed layer, confirming
the smaller decay constant of the pyridine unit compared to the decay constant
of the phenyl unit. These further investigation steps point out that the carboxy-
late/copper system is suitable for more complex structures like mixed systems
of electronically active and inactive molecules or hierarchical structures where
different electron transport paths exist within the molecular layer.
Carboxylates with a second anchoring group on
Au(111) surfaces
Testing carboxylic acid molecules for applications in devices, the carboxylate based
molecule TMBA was studied on a different metal substrate (here gold), which
could act as top electrode contact. The TMBA molecule has a diode functionality
because it includes a carboxylic anchor group as well as a thiol anchor group and
thus can chemically bind to two different electrode materials. It presents a more
complex molecule within the toolbox of carboxylates.
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Due to the fact, that Au(111) thin films deposited on mica templates became a
kind of standard in molecular electronic research in the last years the system is
only roughly described in its characteristics here.
TMBA is a new, in the group of Prof. Albrecht at the RWTH Aachen Univer-
sity, synthesized molecule, and its self-assembly behavior was tested first. Self-
assembled monolayers were grown from solution and characterized by STM and
XPS. It could be proven by XPS that the TMBA molecules chemisorb as complete
molecule and without C-S-C bond cleavage on the Au(111). STM scans revealed
that the molecules assemble in highly ordered structures and that large domains
are built. A number of structures was discovered and a detailed understanding of
the formation of monolayers was achieved.
Insertion experiments in a C8 monolayer matrix have shown that TMBA mole-
cules preferentially adsorb at defect sites or at domain boundaries. Long term
studies revealed a flat-lying molecule geometry with a uniform structure built by
TMBA and C8 molecules.
Electronic investigations of the TMBA molecules monitored a molecular orbital
mediated tunneling process within the accessible voltage window. The measured
LDOS characteristics are dependent on the molecular adsorption geometry. Mixed
molecule/surface states for example were only probed for flat-lying molecules. For
standing-up molecules the tip would have to penetrate the molecular film before
probing these localized molecular orbitals which would causes a destruction of the
layer. However, a HOMO-LUMO gap smaller than 3.0 eV could be measured by
current-voltage spectroscopy.
Current-distance spectroscopy measurements confirmed the decay constant of the
carboxylic moiety obtained on the PCA/Cu(110) system. Thus, the decay con-
stant seems to be independent on the molecular environment because measure-
ments on the neutral and on the chemisorbed moiety show comparable values. The
obtained decay constant for the phenol moiety is comparable to values reported
for biphenyl or phenyl units revealing that the decay constant for phenyl rings is
independent on the number of rings and of the hydroxyl side groups. Addition-
ally, I-z spectroscopy was performed on a thiomorpholinomethy unit for the first
time and the value of βTMM = 6.7 nm
−1 could be interpreted using an equivalent
circuit diagram.
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Semiconductor surfaces with metal nanowires form
a template for molecular self-assembly
Further, a short excursion presented a different approach to combine molecular
electronics with common CMOS technology. Combining the semiconductor sur-
face Ge(001) with self-assembled Pt nanowires leads to a nanotemplate for molec-
ular assembly. In a cooperation with Prof. Zandvliet and his research group at
the University of Twente, which have great experience in investigating these nan-
otemplates, studies were performed to combine Ge(001) surfaces modified with
Pt nanowires and organic molecules. A great challenge was the handling and
transport of the nanotemplates without a vacuum environment. A process was
established to cover the Ge(001)/Pt surface with an oxygen protection layer under
UHV in Twente, to transport the samples in the “trouser pocket” to Ju¨lich, and to
carefully remove the oxygen layer under ultra high vacuum condition. Thus, the fo-
cus of these studies was how to remove this capping layer, to reactivate the striped
surface pattern, and to characterize the topographical structures before bringing
molecules onto the surface. First results were presented for triphenylphosphane
molecules which preferentially adsorb on the nanowires.
Outlook
This thesis provides systematic insights into the electron transport properties of
carboxylates in combination with the copper surface and additionally with the gold
surface. It is shown that the carboxylate/copper system fulfills the requirements to
be used in molecular electronics and that it is possible to build hierarchical struc-
tures by the matrix isolation method. Thus, further investigation steps should
now combine various carboxylic acids and investigate the interactions within the
resulting monolayers. DFT calculations point out that there will be only very
weak π-π interactions between neighbored molecules. This can be experimentally
verified in a next investigation step by using the mixed molecular layers shown
in this work, performing current-voltage spectroscopy on both molecular species
of the layer and comparing these results with that of the pure layers. “Neighbor-
effects” will be monitored as a shift of molecular orbital energies in the LDOS
plots. If there is indeed only a small, or even no detectable influence, in a next
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step molecules with hydrogen-bonds or charge transfer interactions can be stud-
ied using the matrix isolation method. The peaks obtained from the differential
conductance curves can be compared to the results of DFT calculations. These
investigations will show how to tune the electronic transport through the carboxy-
late/Cu(110) system by an external field created by neighboring molecules.
Additionally, molecules with electronically active centers like the TMBA based
complexes shown in Fig. 8.1 of chapter 8 should be inserted into monolayers of
TMBA or into electronically more inactive carboxylates like, e.g., benzenecar-
boxylic acid. Studies should focus on the influence upon the electron transport
through the active molecule using an external field which is either directly applied
or created by neighboring molecules. Exploiting the electron transport proper-
ties along different transport paths could be used to build up a molecular device.
Finally, it should be noticed that a further tuning of the experimental set up in
terms of lower pressures in the deposition chamber and a detailed preliminary
investigation of the sublimation point of the molecules as a function of pressure
will lead to well defined mixed structures with only single embedded functional
molecules.
Semiconductor surfaces in combination with metal wires used as nanotemplate for
molecular self-assembly build an interesting and promising alternative to metal/mo-
lecule systems and surely will be investigated in detail in the next years. Con-
cerning the triphenylphosphane molecules on the Pt nanowire modified Ge(001)
surface a clear tendency of the adsorption behavior is visible but a detailed analysis
is required to give a clear statement.
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